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Summary




Biomechanical properties

of atherosclerotic plaques

Atherosclerosis is a systemic disease of arteries, caused by an accumulation of in-

�ammatory cells and lipids inside the arterial wall. This leads to thickening of the

arterial wall and formation of atherosclerotic plaques. Plaques can become unstable

and rupture-prone. Those so-called vulnerable plaques consist of a lipid-rich necrotic

core, covered by a thin �brous cap separating the lipid core from the blood stream.

Rupture of the �brous cap leads to thrombus formation and possibly to occlusion of

an artery preventing blood supply to vital organs, which is the main cause of ischaemic

strokes and heart attacks. Reliable cap rupture risk assessment is essential to prevent

over-treatment of stable plaques and to guarantee all rupture-prone plaques are de-

tected. Current methods to predict plaque rupture have a limited reliability because

they focus on general morphological parameters, which are only indirectly connected to

the actual cause of plaque rupture. From a mechanical point of view, plaque rupture

occurs when strength of the plaque cap is exceeded by the stresses in the plaque cap.

Investigating the cap strength as well as the stress distribution and identifying stress

peaks may lead to a better understanding of plaque rupture.

Computer models of plaques may be a tool to improve plaque rupture risk assessment

because it allows the visualisation of stress distributions and the detection of stress

peaks. However, the accuracy of computer models depends on the input parameters

used. This o�ers several challenges: 1.) Local mechanical testing is required to deter-

mine the heterogeneous mechanical properties. 2.) The method has to be capable of

measuring anisotropic mechanical properties 3.) Knowledge of the plaque cap strength

is crucial for plaque rupture prediction. The aim of the present thesis is to improve

plaque rupture risk assessment by providing data on mechanical properties of human

plaque tissues.

A literature review was conducted to investigate which method would be appropriate

to characterise the mechanical properties of atherosclerotic plaques. The focus of the

review was on micro- and nanoindentation tests, because of the ability to measure very

local properties. It was concluded that micro-indentation is a suitable method.



Micro-indentation was used to analyse the local mechanical properties of human athero-

sclerotic carotid plaques. Inverse Finite Element Analysis was performed to infer the

mechanical properties of di�erent plaque components, namely the middle of the plaque

cap, the shoulder of the plaque cap, lipid-rich necrotic core and remaining intima re-

gions. It was shown that collagen-rich locations were much sti�er than collagen poor

locations. However, a wide spread in data was found corresponding to the variability

found in literature.

To analyse the anisotropic mechanical properties of plaque tissue, two di�erent studies

were conducted. One study focused on the mechanical properties of collagen �bres in

atherosclerotic plaques. Micro-indentation tests were combined with confocal imaging

to visualise the local �bre distribution and the deformation of collagen �bres in plaques

during indentation. An inverse FE analysis was used to infer the sti�ness of the colla-

gen �bres.

Another study visualised the 3D global architecture of �brous tissue in plaques. It is

shown that, unlike in healthy arteries where �bres are oriented in helical direction, a

lot of �bres in atherosclerotic plaques align in the longitudinal direction of the blood

vessel. This reorganisation of �bres may be due to a change in stress and strain distri-

bution during the progress of atherosclerosis in arteries.

Indentations in the radial direction were performed to investigate the failure properties

of atherosclerotic plaque caps. The ultimate stress and strain values of the tissue were

measured. The obtained ultimate stress showed a wide spread ranging from 5.2MPa

to 37.5MPa (25th to 75th percentile). The ultimate strains had a much lower spread

ranging from 0.3 to 1.0 (25th to 75th percentile), corresponding to the range found in

literature. Because of this and the fact that stress data cannot be determined directly

without exact knowledge of the mechanical properties of plaques, it is recommended

that further research is focussed upon strain imaging.

The mechanical properties show a very wide variability. This indicates that plaque-

speci�c mechanical properties are required for the reliable assessment of plaque rup-

ture risk. The data provided allow the inclusion of anisotropic mechanical properties

in computer modelling of atherosclerotic plaques thus increasing the accuracy of stress

results considerably. On the other hand, the results found in literature and this disser-
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tation suggest that because of the wide spread in mechanical properties and the lack

of accurate imaging technology to determine the geometry of unstable plaques, reli-

able computer modelling of plaques still requires laborious investigations. Alternatives

such as strain imaging may be a more promising approach to detect unstable plaques

predicting plaque rupture, the main cause for cardiovascular events such as strokes and

heart attacks.
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Chapter 1 

General introduction







�There are relatively few data on the mechanical properties of arterial tissues, (...)

and the materials-testing protocols have varied between the measurements that have

been published. This is probably the most uncertain aspect in the whole body of study

of plaque fracture.� Richardson (2002) [1].

1.1 Overview

As stated by Richardson (2002) [1], knowledge of the biomechanical properties of

atherosclerotic plaques is required to better understand when plaque rupture occurs.

Since plaque rupture is the main cause of ischaemic strokes and heart attacks, it is

important to improve the understanding of plaque failure, so that these potentially

lethal cardiovascular events can be prevented. This introduction gives an overview of

the anatomy and aetiology of atherosclerotic plaques.

1.2 From arteries to atherosclerotic plaques

The earliest document attempting to describe the human cardiovascular system was

found in the Papyrus Ebers [2], an ancient Egyptian medical papyrus dating back to

16th century BC. It describes the heart as centre of the blood circulation, which is

connected to all limbs through blood vessels. Today, blood vessels are distinguished

into di�erent types. The veins transport blood towards the heart and, except the

pulmonary and umbilical veins; most veins carry deoxygenated blood, whereas most

arteries, except the pulmonary and umbilical artery, transport oxygenated blood away

from the heart [3].

The main function of a cardiovascular system is the constant supply of oxygen and

nutrients to cells in the body as well as the removal of waste products. Moreover, the

cardiovascular system is responsible for maintaining the pH and transporting proteins

as well as immune cells. Thus, the cardiovascular system is essential for sustaining life.

Cardiovascular diseases, such as ischaemic heart disease and stroke, were the two

leading causes of death in 2000 worldwide and the numbers of deaths associated to

cardiovascular disease have increased since the last decade (Figure 1.1). The main
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cause for cardiovascular events is connected to the development of atherosclerosis [4],

an in�ammatory disorder, leading to structural and morphological changes in the arte-

rial wall. It starts in childhood and slowly advances throughout the life-span a�ecting

major conduit arteries [5].

Figure 1.1: Diagram showing the 10 leading causes of death worldwide in 2012. The cardiovascular

diseases, ischaemic heart disease and stroke, are the two leading causes of death. They are mainly

connected to the development of atherosclerosis and the rupture of an atherosclerotic plaque. COPD-

Chronic obstructive pulmonary disease. Data obtained from [6].

A healthy artery generally consists of three layers (Figure 1.2). The tunica adventitia

is the outermost layer of an artery and comprises mainly collagen. Underneath the

adventitia lies the external elastic lamina separating the adventitia from the tunica

media, which is the thickest layer in arteries and consists of elastin and smooth muscle

cells. The media covers the internal elastic lamina, which separates the media from the

tunica intima. The intima comprises endothelial cells and has direct contact with the

lumen and, thus, the blood �ow [7]. The blood �ow in arteries is regulated through

vasodilatation (increase in lumen diameter) and vasoconstriction (narrowing of lumen

diameter).

There are certain risk factors, such as smoking, obesity, hypertension, and diabetes,

associated with the progress of atherosclerosis [7, 9]. However, the initial triggers for

atherogenesis are believed to be low arterial wall shear stress, biochemical abnormal-
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Figure 1.2: Di�erent layers in a healthy artery. It consists of three layers, the intima (I), media (M)

and adventitia (A). During the progress of atherosclerosis the morphology and structure of the artery

changes. Reprinted from Gasser et al. (2006) [8] with permission from Royal Society.

ities, genetic alteration and immunological causes [10]. These factors might induce

initial damage to the arterial intima causing endothelial dysfunction, leading to an

increased permeability for macro-molecules, such as low-density lipids, cellular debris

and calcium [11, 12]. Those macro-molecules accumulate in the sub-endothelial layer

of the arterial wall stimulating the migration and proliferation of smooth muscles cells

and in�ammatory cells (Figure 1.3).

This causes initial thickening of the arterial wall (Figure 1.4, type I). In�ammatory cells

engulf accumulated cellular debris and lipids forming so-called foam cells (Figure 1.4,

type II). Foam cells can pool together to form extra-cellular lipid pools (Figure 1.4, type

III), which can advance to a lipid-rich necrotic core (Figure 1.4, type IV). Until this

point the arterial wall thickening caused mostly outwards remodelling of the wall. The

diameter of the lumen is hardly a�ected, so that the patients are asymptomatic. At

later stages, the atheroma can intrude into the lumen causing severe arterial stenosis.

Further recruitment of smooth muscle cells from the media can synthesize connective

tissue elements, such as collagen, entrapping lipids in the sub-intima. This can lead

to the formation of a �brous cap surrounding a lipid-rich necrotic core separating it
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Figure 1.3: Atherogenesis caused by dysfunctional vascular endothelial cells. Reprinted with per-

mission from Sommer (2008) [13].

from the blood �ow (Figure 1.4, type V). Blood �ow and blood pressure cause shear

forces and stresses in the atherosclerotic plaque. Stress peaks can lead to �ssuring of

a �brous cap leading to direct contact between the thrombogenetic lipid-rich necrotic

core and the blood stream. This process can lead to atherosclerotic plaques with

complicated lesions, which are in many cases clinically silent (Figure 1.4, type VI).

Further advancement of atherosclerosis can lead to �brotic plaques (plaque type VII)

or calci�ed plaques (plaque type VIII) [5]. It has to be noted that atherosclerosis is

a slowly developing disorder. During this slowly developing process the arterial wall

initially forms fatty streaks, which can be found already in children, and over the years

advance to atherosclerotic plaques intruding into the lumen causing arterial stenosis.

Such advanced atherosclerotic plaques can become vulnerable and manifest clinically

as strokes or myocardial infarctions.

1.3 Vulnerable plaques and plaque rupture pre-

diction

Atherosclerotic plaques can be divided in stable and rupture-prone plaques. Rupture-

prone plaques are commonly referred to as vulnerable plaques. Vulnerable plaques
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Figure 1.4: Di�erent types of atherosclerotic plaques. Reprinted from Stary et al. (1995) [14] with

permission from Wolters Kluwer Health.

comprise in�ammatory cells, intra-plaque haemorrhages, and a lipid-rich necrotic core

which is covered by a thin �brous cap [15]. The cap is prone to rupture, which can

lead to subsequent thrombus formation and distal embolism leading to cardiovascular

events, such as stroke and myocardial infarction. In fact, more than 70% of all cardio-

vascular events are associated with plaque rupture [16]. Therefore, a reliable method

to assess plaque rupture risk is widely considered as a good predictor for cardiovascular

events [17, 18, 19, 20].

Current studies on plaque rupture risk focus on general morphological parameters, such

as degree of stenosis [21], cap thickness [22], necrotic core size [23], and the presence

of haemorrhage [24]. The results of these studies indicate that plaques with large

necrotic cores and thin �brous caps are more prone to rupture [25, 26, 27, 28]. How-

ever, it has been shown that not all plaques with large necrotic cores and thin �brous
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caps rupture. Also, not all ruptured plaques have large necrotic cores and thin caps.

This indicates that these general morphological parameters are not always reliable. The

sensitivity and speci�city of methods to detect vulnerable plaques need to be increased.

Plaque rupture is the main cause of ischaemic strokes and myocardial infarction and

it has been shown that the current rupture risk methods are unreliable. The aim of

this thesis is to improve plaque rupture prediction. Plaques are often over-treated

and patients undergo potentially inappropriate treatment, and on the other hand, un-

stable plaques are missed leading to preventable lethal cardiovascular events, such as

ischaemic strokes and myocardial infarctions.

1.4 Computer modelling as possible predictor

From a mechanical point of view, plaque rupture occurs when the stresses in the plaque

cap exceed the strength of the cap. Therefore, cap strength and plaque stresses are

directly associated with plaque rupture and might o�er a much better plaque rupture

risk assessment in combination with the existing parameters or even as sole prediction

parameter [29, 30].

Computer modelling, such as FE analysis, enables stress analysis in plaques (Figure 1.5),

which may be a tool to assess the direct cause of plaque rupture. The accuracy of stress

results obtained from FE models depends on the input parameters used. Most crucial

parameters include geometric features, mechanical properties and boundary conditions

[31, 32].

Geometric features can be obtained from histology, magnetic resonance imaging, ul-

trasound and optical coherence tomography. Most studies focus on the cap thickness

and show that the peak stresses increase with thinner plaque caps [34, 35, 36]. On the

other hand, Ohayon et al. (2008) [23] suggests that the necrotic core size also has a

major in�uence on the peak stress.

Next to geometric properties it is necessary to determine the mechanical properties

of atherosclerotic plaques. Di�erent methods were applied to test the mechanical

properties of plaques ranging from in�ation tests [37] to tensile [38] and compression
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Figure 1.5: Geometry and morphology can be obtained from imaging methods or histology. The

di�erent plaque components, such as lumen, intima, media (M), and necrotic core (NC), can be

segmented. Stress analysis can be performed using FEM. Adapted from Speelman et al. (2011) [33]

with permission from Elsevier.

tests (see chapter 2). Most of the studies focus on measuring the mechanical plaque

properties at small strain or physiological strain, not necessarily causing plaque failure.

Data on plaque failure properties are scarce [39, 40, 41, 42, 43, 44, 45, 46, 47, 48] and

most studies only focus on large arteries, such as the aorta and iliac artery. Therefore,

further investigations on failure properties of plaque are required.

Another issue regarding characterisation of the mechanical properties of atherosclerotic

plaque tissue is the heterogeneous morphology of the tissue. Almost all plaque types

comprise a heterogeneous component distribution[49]. The plaque components be-

have mechanically very di�erent. Ebenstein et al. (2009) [50] showed that the plaque

components, such as hematoma can be more than 600-fold softer than calci�cations

in plaque tissue. Ebenstein et al. (2002) [51] used nano-indentation to perform very

local measurements to capture the heterogeneous nature of plaque tissue.

It is well accepted that atherosclerotic plaque tissue behaves mechanically anisotropic.

Several studies have shown that plaque tissue consists of �brous tissue indicating

anisotropic mechanical behaviour. Holzapfel et al. (2004) [45] performed uni-axial

tensile tests in axial and circumferential directions of the atherosclerotic plaque ob-

tained from iliac arteries. The results demonstrate the direction dependent behaviour

of plaque tissue. The tested �brous plaques exhibit much sti�er behaviour in axial

direction than in circumferential direction [45]. Although it is well established that

atherosclerotic plaque tissue behaves mechanically anisotropic, most studies work with
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computer models assuming isotropic behaviour. This simpli�cation has a negative in-

�uence on the accuracy of plaque modelling [52]. Therefore, for reliable plaque models

anisotropic mechanical properties of plaque tissue need to be included.

In conclusion, FE modelling could be an important tool to improve plaque rupture

risk assessment. However, the accuracy of stress analysis results obtained from FE

models depends on the quality of the mechanical data of plaque tissue (heterogeneity,

anisotropic mechanical behaviour, and plaque cap strength), which have not been ex-

tensively investigated. Addressing these requirements is the aim of this dissertation.

1.5 Aim and outline of the dissertation

The objective of this dissertation is to improve plaque rupture risk assessment by

providing mechanical data of plaque tissue. Computer modelling of atherosclerotic

plaques can help to improve plaque rupture risk assessment, because it enables analysis

of the stress and strain distribution in plaque, including the �brous cap. This analysis,

however, depends strongly on the mechanical data and associated parameters used.

The following requirements should be addressed:

1. Atherosclerotic plaques are heterogeneous structures comprising di�erent plaque

components. The morphologically di�erent plaque components might also be

mechanically very di�erent. To address this issue, it is important to investigate

the local mechanical properties of plaques.

2. It is commonly accepted that atherosclerotic plaque tissue behaves mechanically

anisotropic. The assumption of isotropic behaviour might be a general over-

simpli�cation. Therefore, the anisotropic mechanical properties of plaques need

to be characterised.

3. Computer models of plaque allow stress analysis and it is important to analyse

the ultimate stress and/or strain, when plaque rupture occurs.

These requirements are addressed in the following chapters in this dissertation (Fig-

ure 1.6). Chapter 2 reviews the current methods to test the mechanical properties

of atherosclerotic plaques locally. The literature review focuses on compression tests,

which, unlike tensile tests, allow local measurement of mechanical properties. Dif-

ferent compression tests, ranging from uncon�ned compression tests through micro-
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indentation to nano-indentation methods are evaluated. The advantages and disad-

vantages are discussed. Micro-indentation appeared to be a good compromise be-

tween local measurements and applying physiological strain. Therefore, it was decided

to investigate the local mechanical properties of atherosclerotic plaques tissue using

micro-indentation.

In chapter 3, the focus is on requirement 1, the local mechanical properties of plaques.

Di�erent plaque components are tested using micro-indentation. The indentations

were performed in axial direction and inverse FE analysis was used to infer the local

mechanical properties of shoulder cap, middle cap, lipid-rich necrotic core, and remain-

ing intima regions. Furthermore, at each indentation location the collagen structures

were examined using confocal imaging. Three di�erent structures were distinguished,

collagen-rich structured locations, collagen-rich unstructured locations, and collagen

poor locations.

For requirement 2, the characterisation of the anisotropic mechanical behaviour of

atherosclerotic plaques, two separate studies were conducted. The results of these two

studies are presented in chapter 4 and chapter 5. In Chapter 4 the local mechanical

properties of �brous tissue in atherosclerotic plaques are described. Di�erent �brous

plaque components were tested by means of micro-indentations. The deformations of

the �brous structure during indentation were visualised using confocal imaging. The

deformations were quanti�ed using digital image correlation. This was used as input

parameter for inverse �nite element analysis to determine the mechanical properties of

the �brous tissue.

For a full characterisation also the 3D global architecture of the �brous tissue is re-

quired. Therefore, the aim in chapter 5 was the visualisation of the 3D structure of

the �brous tissue in plaques using di�usion tensor imaging.

Stress analysis using computer models allows visualising stress peaks in plaque caps.

However, besides reliable stress analysis, also accurate knowledge about the plaque

cap strength is essential for predicting plaque rupture (requirement 3). Therefore,

chapter 6 focuses on the failure properties of plaque caps. The ultimate strength of

atherosclerotic plaque caps are investigated by means of indentation. The last chapter

7 summarises the most important �ndings of the dissertation and provides a general

discussion.
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Figure 1.6: Overview of the dissertation.
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2.1 Introduction

Atherosclerosis is a disorder of the arterial wall. The vessel wall is invaded by lipids

and in�ammatory cells that can eventually lead to formation of an atherosclerotic

plaque. Some of these plaques develop into plaques that are vulnerable for plaque

rupture. Such a vulnerable plaque consists of in�ammatory cells, a lipid-rich necrotic

core, intra-plaque haemorrhage, and a thin �brous cap separating the thrombogenic

lipid core from the bloodstream [16, 53]. In case of rupture of the thin �brous cap,

the lipid core comes into contact with the blood, causing luminal thrombus formation.

This thrombus may cause a blockage in the vessels distal to the plaque. This is the

major cause of ischaemic stroke and myocardial infarction [54].

Current methods to assess plaque rupture risk are mostly based on general risk factors

(age, hypertension, and familial arterial diseases), and on geometrical plaque features

(stenosis degree, intima-media thickness, and irregular, ulcerated plaque morphology)

[55]. It has been shown that these risk factors are insu�cient for predicting future

plaque rupture events. A reliable computational model to predict cap rupture may,

therefore, add to the diagnosis and treatment of atherosclerotic plaques. Since �-

brous cap rupture occurs when the stresses in the cap exceed the strength of the

cap, biomechanical plaque modelling has the potential to improve risk assessment of

plaque rupture [56, 57]. Biomechanical plaque studies have revealed that patient-

speci�c plaque models can accurately predict local stress peaks and rupture locations

[33, 35, 49, 52, 58, 59, 60, 61, 62]. However, the stress results from these biomechan-

ical models strongly depend on the material models and the parameters used [60, 63].

Determining the mechanical behaviour of the di�erent plaque components is, there-

fore, a necessity.

Mechanical characterisation of plaque tissue is frequently done using (uni-)axial ten-

sile tests [42, 44], which is discussed by Walsh et al. (2014) [38] in this special issue.

Although plaque tissue in vivo experiences circumferential stretching during blood pres-

sure pulsation, the tissue is also radially compressed during this pulsation. Therefore,

also compression tests are physiologically relevant to determine the mechanical be-

haviour of plaque tissue.

The aim of this review paper is to give an overview of the methods used in literature

to measure mechanical properties of atherosclerotic plaque tissue using compression

experiments. In literature, studies were identi�ed in which the compressive proper-
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ties of human, porcine or murine plaques were tested, harvested from the aorta, iliac,

femoral, or carotid arteries. Plaque tissue was tested using uncon�ned compression,

micro-indentation, or nano-indentation. The results from the di�erent studies and

testing techniques will be compared. The advantages and disadvantages of each tech-

nique will be discussed. In case the sti�ness data was presented non-conventionally,

representative �gures from the papers were digitised and used to �t a neo-Hookean

material model and to extract tangential sti�ness values.

After a summary of the literature on compressive plaque properties, an in-house de-

veloped micro-indentation test will be presented for the characterisation of anisotropic

properties of plaque tissue. The relevance and limitations of this method will be dis-

cussed.

2.2 Compressive properties of plaque tissue

2.2.1 Uncon�ned compression

Uncon�ned compression tests are one of the most popular methods to determine me-

chanical behaviour of materials. The samples are mounted between two metal plates,

of which the top plate is stationary and attached to a load measuring device. Generally,

during uncon�ned compression, the tested tissue is smaller in size than the compression

plates. The bottom plate can be raised and lowered with a pre-set speed to pre-set

positions. Both displacement and force can be used as loading conditions. With uncon-

�ned compression tests, compressive mechanical plaque properties can be determined

at large, physiologically relevant strain. It is a relatively straightforward test that allows

both static and dynamic loading conditions. Using static loading conditions, material

sti�ness can be determined, while frequency-dependent dynamic characteristics can be

identi�ed using cyclic uncon�ned compression loading conditions at di�erent frequen-

cies.

Human aortic plaques

Lee et al. (1991) [64] evaluated radial compressive plaque properties, by compressing

27 �brous caps from 14 abdominal aorta plaques using a 7mm diameter cylindrical steel

plate. Caps were classi�ed as cellular (n=7), hypo-cellular (n=9), or calci�ed (n=11)
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based on histological examination. The tests were conducted at room temperature

within 16 hours of patient death. The dynamic sti�ness of the test samples (thickness

1.1 ±0.2mm) was evaluated by applying a static compressive stress of 9.3 kPa in the

radial direction �rst and, after a resting period to reach static equilibrium, a dynamic

stress with an amplitude of 0.5kPa at di�erent frequencies afterwards. Sti�ness values

increased with increasing frequency; however, the change was less than 10% between

0.5 and 2Hz. As the sti�ness was determined at a �xed load, the samples were sub-

jected to di�erent compression levels (17 ±6% for cellular, 7 ±1% for hypo-cellular,

and 1.2 ±0.2% for calci�ed samples). The dynamic sti�ness was 510 ±220 kPa for

cellular, 900 ±220 kPa for hypo-cellular and 2.2 ±1.0MPa for calci�ed samples.

The same group studied the relation between compressive mechanical properties and

intravascular ultrasound classi�cation of aortic plaques, with a static measurement pro-

tocol, using the same set-up [65]. An initial compressive stress of 4.0 kPa was applied

until a static equilibrium was reached. Thereafter, the compressive stress was increased

up to 12 kPa. Strain and creep-times were recorded for this step and a sti�ness modulus

was determined. The compression strain was 24 ±11% for non-�brous caps, 11 ±5%

for �brous caps and 3 ±2% for calci�ed caps. Creep times varied from 20 minutes

for calci�ed samples, 50minutes for �brous samples, and 80minutes for non-�brous

samples. Non-�brous samples had a sti�ness modulus of 41 ±18 kPa. The sti�ness

modulus for �brous and calci�ed caps was 82 ±33 kPa and 355 ±245 kPa, respectively.

Although the static loading stress was not equal in both studies (9.3 kPa versus 8 kPa),

the strain levels were comparable for the plaque samples. However, the reported static

sti�ness values were about one order lower compared to the reported dynamic sti�ness

values. Lee et al. (1992) [65] suggested that these di�erences may be attributed to the

non-elastic mechanical behaviour of the tissue, as a di�erent loading stress was applied

in both studies (9.3 ±0.5 kPa versus 8 kPa). Additionally, visco-elastic behaviour of the

cap may play a role in the dynamic sti�ness results. This is supported by the relative

long creep-times, which were reported by Lee et al. (1992) [65].

Walraevens et al. (2008) [66] used uncon�ned compression to test the compressive

mechanical properties of atherosclerotic calci�ed human aortas (n=19), obtained from

aneurysm repair surgeries. The aortas were cut into 10mm x 10mm strips, with an

average thickness of 1.84 ±0.28mm. The aortas were tested at room temperature

using an impermeable pounder with a diameter of 6 mm. The E-moduli obtained at
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10% strain were 321 ±258 kPa for calci�ed human plaques, which was similar to the

calci�ed samples from Lee et al. (1992) [65], although the amount of compression was

di�erent (10% versus 3 ±2%).

Human iliac and femoral plaques

Topoleski et al. (1997) [67] investigated radial compressive behaviour of aortoiliac

plaques by quasi-static compressing samples at 37°C using parallel �at acrylic �xtures

(6.35mm in radius) [67, 68]. Non-ulcerated lesions (n=24) were obtained from 6

autopsies and stripped from the remaining vessel wall. The samples (5mm x 5mm,

2.4 ±0.7mm thickness) underwent two 15-cycle loading phases up to 350 kPa with a

10-15minutes unloaded rest period in between. Three types of plaques were identi�ed

based on histological features, which all showed a distinct mechanical behaviour in

terms of repeatability and recoverability. The maximum compressive strain at 350 kPa

loading stress was 70 ±11% for atheromatous samples, 54 ±9% for �brous samples,

and 14 ±9% for calci�ed samples. Tangential sti�ness values were extracted from

the representative curves. Atheromatous samples showed the most compliant response

(sti�ness <10 kPa for compression values up to 25%). Fibrous samples were sti�er;

however, much softer than calci�ed samples (<10 kPa versus 830 kPa at 5% compres-

sion and 85 kPa versus 13MPa at 20% compression).

Using the same approach, Salunke et al. (2001) [69] investigated the compressive

stress-relaxation behaviour of aortoiliac plaques in radial direction. Atherosclerotic

plaques (5 calci�ed, 7 �brous, and 6 atheromatous samples) were obtained post-

mortem. After two 15-cycle preconditioning phases, the samples (5mm x 5mm,

1.5 ±0.7mm thickness) were subjected to three stress-relaxation phases, with 25%

compression within 1 second between 16mm diameter parallel plates. Sti�ness values

were determined from representative curves. Fibrous plaques and calci�ed plaques

showed similar sti�ness values (100 kPa versus 70 kPa at 5% compression and 900

versus 1000 kPa at 20% compression), while atheromatous tissue had a lower average

sti�ness (25 kPa at 5% compression and 100 kPa at 20% compression). Compared to

Topoleski et al. (1997) [67], the dynamic sti�ness of �brous and atheromatous plaque

tissue was higher than the static sti�ness, while calci�ed tissue had a lower dynamic

sti�ness. The non-elastic behaviour of the plaque tissue may have caused di�erences

between quasi-static and dynamic experiments. This is supported by the di�erences

found in relaxation behaviour for the various plaques types. Although none of the
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plaques were completely recovered after 10 minutes, atheromatous plaques clearly

showed a di�erent response compared to �brous and calci�ed samples.

Human carotid plaques

Maher et al. (2009) [42] performed uncon�ned compression tests in radial direction

on carotid artery plaque sections (4mm in diameter). Plaque samples (n=44 from

11 patients) were classi�ed as calci�ed (n=16), echolucent (n=5), and mixed (n=23)

based on ultrasound imaging and were loaded up to 60% compression with a rate of

1% per second. Signi�cant variation was found in the compressive behaviour between

and within patients. Calci�ed samples showed the sti�est response with an average

tangential sti�ness of 140 kPa at 5% compression and 2300 kPa at 20% compression.

The echolucent and mixed samples showed softer average sti�ness with 20 and 20 kPa

at 5% compression and 100 and 330 kPa at 20% compression, respectively.

The same group evaluated the inelastic behaviour of carotid plaques using dynamic

cyclic compressive tests at room temperature [43]. Tests were conducted using 21

samples from 8 patients. Also here ultrasound was used to classify the samples as

calci�ed (n=8), echolucent (n=5), and mixed (n=8). The samples were loaded and

unloaded at a rate of 5% per second, with 5 consecutive loading cycles at levels of

10, 20, 30, 40, and 50% strain. Corresponding to Maher et al. (2009) [42], the cal-

ci�ed plaques were on average the sti�est plaque type (2.7MPa at 50% compression)

while the echolucent plaques were the softest (1.4MPa at 50% compression). The

mixed samples showed an intermediate sti�ness (2.1MPa at 50% compression). For

all plaque samples, permanent deformation was observed, which increased with the

applied strain level. The magnitude of the permanent deformations occurring during

unloading of the plaque was similar for all plaque types.

2.2.2 Micro-indentation

Micro-indentation tests can be used for measuring more local material sti�ness of rel-

atively small and inhomogeneous material. The indenters used in micro-indentation

testing systems are relatively small compared to the tested tissue. Due to the shape

of the indenter and variation in tissue thickness, tissue sti�ness cannot be directly

derived from the force-depth curves. Numerical simulations are necessary to extract
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the mechanical properties from the force-depth curves using an inverse approach. The

experimental curves are �tted to the curves of the numerical simulation of the inden-

tation to determine the tissue sti�ness.

Human carotid plaques

Barrett et al. (2009) [70] measured mechanical properties of carotid atherosclerotic

plaque caps using a micro-indentation device. A spherical indenter with a diameter

of 1mm was used to study the quasi-static radial compressive properties of �brous

caps (thickness 0.25-0.75mm) dissected from carotid artery plaques, within 3 hours

after surgery. Indentations were carried out until either a force of 0.2N was reached,

or when an indentation depth of 0.5mm was exceeded. Tangential sti�ness values

were determined with an inverse �nite element model and ranged from 21 to 300 kPa

(median of 33 kPa at 5-20% compression).

In a recent study, the local mechanical properties of carotid atherosclerotic plaque tis-

sue were characterised in the axial direction [71]. Micro-indentations were performed

with a 2mm diameter spherical indenter on 8 human carotid plaques on 200 µm thick

axial cross-sections. The plaques were snap-frozen directly after carotid endarterec-

tomy and stored at -80°C until further processing. In total, 214 locations were tested

in the middle of the �brous cap (n=43), shoulder of the cap (n=61), intima (n=90), or

lipid-rich necrotic core (n=20). Using an inverted confocal microscope, local collagen

architecture was determined for all locations. The obtained force-response of up to

30% indentation was �tted to simulated data generated from a computational �nite el-

ement model. Isotropic neo-Hookean behaviour and homogeneity of the tested plaque

tissue were assumed. The obtained Young's moduli ranged from 6 kPa to 891 kPa

(median of 30 kPa) at 30% compression, which was similar to the data obtained by

Barrett et al. (2009) [70]. Due to considerable variation per location, no signi�cant

di�erences could be identi�ed between the middle of the �brous cap, the shoulder cap

regions, and the intima locations. Also, no signi�cant di�erences were found between

the Young's moduli of structured and unstructured collagen architectures. This sug-

gests that for the entire diseased intima the axial compressive mechanical properties

might be considered as homogenous, although the large variation indicates that mea-

surement uncertainties need to be taken into account in further analyses.
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2.2.3 Nano-indentation

Even within the di�erent plaque components the tissue is highly heterogeneous, which

means that even micro-indentation might be insu�cient to detect local di�erence in

mechanical properties. To address this issue, nano-indentation can be applied. One

possible method to apply nano-indentation is the use of an atomic force microscope

(AFM). It is a very high resolution type of scanning probe microscope that can be

used to measure how much force is required to push the micrometer indenter into the

tissue. AFM is generally used to scan a tissue surface to produce images that re�ect

the forces that are experienced by the indenter. Additionally, it can be used to perform

very local force-indentation measurements, to obtain the mechanical characteristics of

the tissue. Generally, only very small displacements can be applied using this technique.

Human carotid plaques

Ebenstein et al. (2009) [50] tested fresh (n=5) and frozen (n=5) human carotid

plaques using nano-indentation. The tissue was classi�ed based on Fourier transform

infrared (FTIR) spectroscopy to distinguish di�erent plaque components. The plaque

components were indented using a conospherical diamond probe tip with a diameter

of 200 µm. The applied peak loads were between 10 to 600 µN, with a maximum in-

dentation depth of 5 µm. In total 377 indentations were performed, 34 at hematoma,

172 at �brous, 72 at partially calci�ed, and 99 at calci�ed locations. The resulting

Young's moduli for the samples were 230 ±210 kPa for hematoma, 270 ±150 kPa for

�brous tissue, 2.1 ±5.4MPa for partially calci�ed �brous tissue, and 0.7 ±2.3GPa

for calci�ed tissue. Due to the limited indentation depth only properties at the low

strain region were obtained, without capturing the non-linear material behavior at

higher strains. There was no signi�cant di�erence between frozen and fresh plaques,

suggesting that freezing the tissue at -20°C does not change the mechanical properties.

Besides human atherosclerotic tissue, also murine aortic plaques were tested using an

AFM to characterise mechanical plaque properties [72, 73]. Tracqui et al. (2011) [73]

di�erentiated between cellular �brotic (mean Young's modulus of 10 ±6 kPa), hypo-

cellular �brous cap (mean Young's modulus of 59 ±47 kPa), and lipid-rich regions

(mean Young's modulus of 6 ±4 kPa), based on histology. The results from Tracqui et

al. (2011) [73] and Hayenga et al. (2011) [72] were very similar; however, it is unclear

how sti�ness results of murine plaques translate to sti�ness data of human plaques.

However, nano-indentation may prove to be a useful tool for mechanical characterisa-
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tion of thin caps of human atherosclerotic plaques.

2.2.4 Discussion of the compression techniques

Di�erent techniques to measure the compressive mechanical properties of plaque tissue

have been reviewed. Advantages and disadvantages of each technique were discussed

in this paper. Depending on the application of the obtained results, one should use

the appropriate technique.

Uncon�ned compression is a widely available method, which can be used for static

and dynamic testing, providing global sti�ness and relaxation data. As plaque tissue is

generally highly heterogeneous, the use of large indenter plates does not allow a very

accurate classi�cation of the tested tissue. Therefore, only global tissue classi�cations

(non-�brous, �brous, or calci�ed) are possible, resulting in a large variation in reported

mechanical properties within each classi�cation group. As pointed out by Ebenstein et

al. (2009) [50], even for the single classi�cation `calci�ed plaque', there are di�erent

gradations of calci�cation, depending on the degree of mineralisation of the tissue.

This might explain why overlap is often found in the mechanical properties of �brous

and calci�ed testing locations. Micro-indentation techniques combine physiologically

relevant strains with indenters with an appropriate size to perform local measurements

and, therefore, seem to be a good candidate for determining local mechanical proper-

ties of atherosclerotic plaque tissue. Besides dedicated hardware, this method requires

an inverse �nite element analysis to reconstruct sti�ness data from the measured force-

indentation depth data. To achieve the most reproducible and accurate results with

micro-indentation, the tested material under the indenter should be homogeneous. In

Chai et al. (2013) [71], the plaque tissue was cut into 200 µm thin slices to obtain sec-

tions as homogeneous as possible in thickness [71]. However, since cutting the plaque

tissue disrupts the local collagen �bres, which play an important role as load-bearing

structure of the tissue, the resulting mechanical properties may be a�ected by this

approach. Since plaque tissue is very heterogeneous, local measurements are relevant

and testing locations away from tissue edges or damaged locations might have only a

minimal in�uence. Barrett et al. (2009) [70] isolated atherosclerotic plaque caps from

the underlying tissue, which is a di�cult and laborious procedure and likely produces

a bias towards thicker �brous caps. The caps tested by Barrett et al. (2009) [70] were

between 250 and 750 µm thick. Kolodgie et al. (2001) [25] concluded that unstable

plaques show �brous cap thicknesses of <65 µm. Besides the fact that handling of
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these thin caps may be very challenging, the spherical micro-indenters with diameters

of 1mm or 2mm are likely to be too large for these caps.

Nano-indentation enables sti�ness characterisation of individual collagen �bres and

cells, but generally at small strains. Reconstructing the measured data from nano-

indentation into mechanical sti�ness data is quite complex, as advanced contact

algorithms are required due to the small size of the indenter. Extrapolating nano-

indentation results to a more macroscopic plaque component material behaviour for

biomechanical modelling is not trivial, as also volume fractions and interactions be-

tween components need to be known. Nevertheless, nano-indentation may provide

valuable data for multi-scale biomechanical modelling. Moreover, nano-indentation

might be more appropriate for very thin caps, since it can be applied on tissue as thin

as 16 µm, as shown by Tracqui et al. (2011) [73]. However, nano-indentation can

only be performed at limited indentation depths, and may, therefore, not be able to

measure at physiological strains, depending on the thickness of the tested tissue. If the

measurements are only performed at low strain, the non-linear mechanical behaviour of

the plaque tissue may not be captured. Measuring at small strains might lead to under-

estimation of the sti�ness of the tissue, as the collagenous �brous plaque tissue often

displays signi�cant strain-sti�ening. This can be clearly seen in the sti�ness results from

the uncon�ned compression studies indicated in Table 2.1 [42, 43, 67, 69]. In all cases,

the samples are sti�er at higher strain values. On the other hand, micro-indentation

experiments of Chai et al. (2013) [71] and Barrett et al. (2009) [70] did not show a

clear non-linear behaviour, while in these studies also physiological strains were applied.

In all the studies evaluated here, a lot of variation in testing protocol can be observed

(Table 2.2). Although the mechanical tests are preferably performed on fresh tissue, at

body temperature (37°C), with an appropriate preconditioning protocol, not all studies

are performed under these conditions. Additionally, di�erences in loading protocol are

apparent. Most of the studies found in literature performed static or quasi-static mea-

surements [42, 50, 65, 66, 67, 70, 71], avoiding dynamic e�ects caused by inelasticity.

Measuring at slow testing rates might allow tissue components to fully adjust to the

applied loads. In other studies, dynamic loading conditions were applied to obtain

inelastic and recoverability parameters [43, 64, 69]. High testing rates and cyclic tests

with high frequencies does not allow the tissue to fully respond, possibly causing less

deformation and consequently higher sti�ness results. This might explain the results
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found by Lee et al. (1991) [64] where the dynamic sti�ness was found to be higher

than the static sti�ness. In general, the sti�ness values between static and dynamic

mechanical studies were very di�erent. This might be, as mentioned by Lee et al.

(1991) [64], attributed to visco-elastic and poro-elastic behaviour of the tissue, which

may be di�erent for di�erent plaque components. Topoleski et al. (1997) [67] applied

quasi-static uncon�ned compression and obtained sti�ness data ranging from 10 kPa

(atheromatous plaques) to 13MPa (calci�ed plaques). The same group [69] used

the same set-up and obtained dynamic sti�ness results ranging between 100 kPa and

1000 kPa (20% compression). For atheromatous and �brous tissue, the dynamic sti�-

ness was higher than the static sti�ness, although for calci�ed tissue the static results

were sti�er than the dynamic results. It should be noted that the data from all studies

showed a large variability. This is partly caused by the di�erent techniques, but also by

the high natural variability in mechanical behaviour of the tested samples. An accurate

classi�cation of the tissue could be bene�cial for the interpretation of the results from

di�erent studies and might reduce the variability within the studies. A better classi�-

cation method might for example be based on Fourier transform infrared spectroscopy,

as previously used by Ebenstein et al. (2009) [50]. Investigating the dynamic mechan-

ical behaviour of plaque tissue is certainly relevant since the cardiovascular system is a

dynamic system which also applies hemodynamic loads on atherosclerotic plaques and

causes dynamic responses of the tissue.

Due to the large variation of the sti�ness results in all studies, it is impossible to draw

de�nite conclusions on the di�erences in mechanical behaviour of plaques from di�er-

ent vascular locations. Even for plaques originating from the same vascular territory,

but tested with di�erent compression protocols, results cannot be compared directly.

On average, micro-indentation results of carotid plaques [70, 71] showed much lower

sti�ness values than results from uncon�ned compression of plaques from the same

territory [42], although overlap exists in the testing results. If uncon�ned compression

tests are dominated by relative sti� inclusions in the tested tissue, this may explain why

the local micro-indentation tests results in lower sti�ness values on average, with val-

ues closer to the uncon�ned compression sti�ness values for calci�ed inclusions. Since

di�erences in testing approach also leads to di�erences in mechanical sti�ness results,

it is important to put the results from these studies in the correct perspective. The

application (multi-scale modelling, macroscopic plaque modelling, and sti�ness com-

parison for di�erent plaque types or location) should determine which type of testing
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system and protocol is most applicable. In the reviewed experimental studies, the most

occurring compression direction is radial, except for Chai et al. (2013) [71], where the

compression direction was axial. Indentation in the radial direction is a more physiolog-

ically relevant loading condition, as plaque tissue is mostly compressed in this direction

and stretched circumferentially. The expected anisotropy of the tissue suggests that

testing the sti�ness of plaque tissue in di�erent directions will lead to di�erent results

[45]. However, in Chai et al. (2013) [71] a small set of longitudinal samples was also

tested and the circumferential compressive sti�ness results were comparable to the

axial results.

A major limitation of the three presented measurements techniques is the fact that only

isotropic behaviour can be determined from the measurement data. Given the high

collagen �bre content and alignment in the plaque, the assumption of isotropic be-

haviour is likely not valid. In the next section, a method based on micro-indentation is

presented that can be applied to determine anisotropic material behaviour of atheroscle-

rotic plaque tissue.

2.3 Local anisotropic behaviour of human carotid

plaques

In this section, an in-house developed micro-indentation test setup [74] is introduced

that can be used to perform mechanical testing on soft tissue and allows the analysis

of the anisotropic mechanical behaviour [75]. With this set-up, anisotropic material

properties were previously derived of tissue-engineered constructs, tissue engineered

heart valves, and bio-arti�cial muscle tissue [75, 76, 77] The testing method will be

illustrated with data from a single atherosclerotic carotid plaque sample, which was

obtained during carotid endarterectomy.

2.3.1 Sample preparation

After carotid endarterectomy, the sample was snap-frozen in liquid nitrogen and stored

at a temperature of -80°C. In a later stage, the frozen sample was axially sliced using

a cryotome at -20°C, to obtain 200μm thick sections at 1mm intervals (Figure 2.1).

Prior to the indentation tests, the sections were thawed and a �uorescent collagen
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staining (CNA-35; [78]) was applied overnight at 4°C. Approval was given by the local

institutional review board and informed consent was obtained from the patient. A more

detailed description of the sample preparation can be found in Chai et al. (2013) [71].

Figure 2.1: Sectioning of plaque tissue with a cryotome to create a 200μm thick slice for mechanical

testing.

2.3.2 Micro-indentation test

For the mechanical testing, the section of the plaque was placed under the micro-

indentation setup. The micro-indentation was performed in the axial direction of the

vessel using a sapphire spherical indenter with a diameter of 2mm. The indenter was

placed above an inverted confocal microscope to visualise the collagen deformation

during indentation in the bottom plane of the section. During the indentation experi-

ment, the force-response, indentation depth and collagen deformation were recorded.

Digital image correlation (DIC) was applied on the collagen deformation images using

commercially available software (ARAMIS, GmbH, Germany), the local displacement

�eld during indentation. From the displacement �eld, the local deformations and prin-

cipal strain directions were determined. The displacements, local �rst (εx) and second

(Ey) principal strain magnitude and direction of the collagen �bres were quanti�ed

as function of the indentation depth (Figure 2.2). The �bre displacement versus the

global stress clearly illustrates the anisotropic behaviour of the plaque (Figure 2.3).

The tissue o�ers much more resistance in the direction of the �bre alignment whereas
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perpendicular to the �bre direction much higher strain occurred during indentation.

More details on the testing protocol can be found in Chai et al. (2013) [71].

The force-response, the indentation depth, and the quanti�ed collagen deformation

were used as input for an inverse �nite element analysis to determine the in-plane

anisotropic behaviour of the tested tissue.

2.3.3 Inverse �nite element analysis

To represent the indentation test setup for the inverse �nite element analysis (FEA),

a three-dimensional computational model was generated (Figure 2.2). An anisotropic

material model, proposed by Driessen et al. (2008) [79], was applied for the atheroscle-

rotic tissue:

τ = τm + τf = Gm(F · F T − I) +

Nf∑
i=1

φif [ψ
i
f − ~eif · τm · ~eif ]~eif~eif (2.1)

Here, the local collagen structure of the atherosclerotic plaque is described by splitting

the extra stress tensor τ into an isotropic matrix part τm and an anisotropic �bre part τf .

The extracellular matrix is characterised by τm and modelled as an incompressible neo-

Hookean material, with matrix shear modulus Gm. F is the deformation tensor and I

the unity tensor. The anisotropic part τf represents the collagen �bres in the tissue with

~eif the current �bre direction, ψ
i
f the �bre stress, and Nf the discrete number of �bres.

The volume fraction of �bres φif is modelled with a periodic Gaussian distribution, as

shown below:

φif (γi) = Aexp(
cos[2(γi − α)] + 1

β
) (2.2)

Here, γi is the �bre angle and A the scaling factor to make sure that φtot = 1.

The main �bre direction is α, and β is the �bre distribution, both parameters α and

β are derived from the confocal images (Figure 2.2). In our test sample, the main

�bre direction α was 101°, which is close to a circumferential orientation. The �bre

distribution β was 0.7 indicating a rather anisotropic distribution, which matches with

the image in Figure 2.2.

The �bre stress ψf was modelled based on Holzapfel et al. (2000) [80], where ψf was

described as a function of the �bre stretch λf , the �bre sti�ness k1 and the non-linearity

factor k2.
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Figure 2.2: Flowchart depicting the input and output parameters of the inverse Finite Element

Analysis. From the indentation experiment the force-depth curves were obtained. Confocal imaging

of the collagen structure of atherosclerotic plaque tissue during indentation allows digital image

correlation (black arrows indicate the deformation) to derive the principal strains. From the confocal

images also the �bre main angle and �bre dispersion were obtained. This data was used as input for

the inverse FEA to infer matrix shear modulus Gm, �bre sti�ness k1, and non-linearity factor k2.

ψif = 2k1λ
2
f (λ

2
f − 1)exp(k2(λ

2
f − 1)2) (2.3)

The �bre stretch λf is derived from the digital image correlation (DIC), while k1 and k2
are output parameters from the inverse FEA, together with the matrix shear modulus

Gm. For the inverse FEA, an iterative mixed experimental-computational approach

based on the method by Cox et al. (2006) [76] and Meuwissen et al. (1998) [81] was

applied. The di�erence between experimental measurements and the simulated data
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Figure 2.3: The diagram shows the global stress against the collagen �bre displacement. - λx

�bre stretch, - λy displacement perpendicular to �bre alignment. It shows again highly anisotropic

behaviour of the tissue. The resistance in the direction of the �bres is much higher, whereas much

higher strain appears perpendicular to the �bre direction.

obtained from the FEA was minimised by applying a Gaussian-Newton minimisation

algorithm. For our test sample, the matrix sti�ness Gm reached the lower limit of

1.0kPa, while the �bre sti�ness k1 was determined as 16.3kPa. The non-linearity fac-

tor k2 was 0.8. The tested sample showed a very anisotropic material (Figure 2.3) with

a non-linear behaviour and a relative low �bre sti�ness, compared to reported values

(Table 2.1). Future anisotropic characterisation of plaque tissue will provide insight in

the values and variation of the mechanical properties of human atherosclerotic tissue.

For more information on the DIC and inverse �nite element analysis, see Cox et al.

(2006, 2008) [75, 76].

Figure 2.4 shows the experimental and simulated data for our test sample with the

optimal material parameters. The simulated data corresponded very well to the ex-

perimental data, indicating that the proposed material model accurately describes the

mechanical behaviour of the tested tissue. Future studies will show if this material

model also appropriately characterises atherosclerotic plaque tissue in general.
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Figure 2.4: For the parameter estimation the indentation force, indentation depth, and the collagen

�bre displacement depicted as AI were used as input. These measurements were �tted to the simulated

data from the FE simulations.

2.4 Discussion

The combination of an indentation test with a confocal microscope does not only

enable the measurement of indentation force and depth, but also the visualisation

of collagen �bre deformation, perpendicular to the indentation direction. From this,

anisotropic mechanical data can be extracted that is representative for the extensional

properties in the plane perpendicular to the indentation direction at �nite strains. In-

formation on anisotropic material parameters may improve the accuracy and reliability

of biomechanical plaque models and, additionally, the risk assessment of plaque rupture.

In this paper, material parameters of a single atherosclerotic carotid plaque sample

were presented, revealing highly anisotropic mechanical behaviour of the plaque. Con-

focal microscopy con�rmed a high alignment of collagen �bres. The global stress-

strain behaviour showed that the highest strain occurred perpendicular to the main

�bre direction and that tissue stretch in the �bre direction was much smaller. More

atherosclerotic plaque samples need to be tested to fully evaluate the anisotropic me-

chanical behaviour of carotid plaque tissue.

In the in vivo situation, the blood vessel experiences global blood pressure in the ra-

dial direction, with circumferential (and axial) stretching and radial compression of the

vessel wall. The used indentation technique applies a local compressive force in axial

direction, resulting in local circumferential and radial stretching of the tissue. Com-

puter simulations have shown that the level of circumferential stretch in this study

corresponds to the level of stretch in the physiological situation. As the collagen �bres

are the major load-bearing structures in the wall, mainly oriented in the circumferential

direction, the indentation technique evaluates the mechanical properties of the collagen

�bres in the most relevant direction. Additionally, by testing relatively thin slices in
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axial direction it was strived to test a slice of homogeneous material over the thickness.

Also, these thin slices enable the assumption of a uniform �bre distribution throughout

the slice thickness, required for the inverse �nite element analysis. On the other hand,

the slicing may also disrupt the coherence in the collagen �bre architecture. Since the

collagen �bres are the load-bearing structure of the blood vessel, this might have an

impact on the mechanical properties.

Another factor that can a�ect the collagen structure is the axial in vivo pre-stretch.

On average, arteries are under 30% pre-stretch [82, 83, 84], likely resulting in a more

axial collagen distribution than the stretch free samples tested with the indentation

test. This altered collagen distribution may have an e�ect on the macroscopic sti�ness

results as determined with the inverse �nite element analysis. Accounting for the axial

pre-stretch in the inverse �nite element analysis may give more insight in the e�ect of

this pre-stretch on the mechanical behaviour of the tissue.

The studied plaque tissue was frozen and stored due to logistical reasons. The collagen

�bres might be damaged due to the freezing process. However, ice-crystal formation

was minimised by snap-freezing the tissue in liquid nitrogen after endarterectomy. The

confocal images, histological images, and light microscopy evaluation did not show any

tissue damage due to ice-crystal formation. Additionally, Ebenstein et al. (2009) [50]

concluded that there were no di�erences in mechanical behaviour between fresh and

frozen plaque samples.

2.5 Main conclusions

Mechanical testing of atherosclerotic plaque tissue involves several di�culties. Depend-

ing on the required information, more global or local measurements can be applied.

Global mechanical properties of plaque tissue have been characterised using uncon-

�ned compression, tensile, or in�ation tests. These tests rely on (intact) blood vessels

with a signi�cant size. However, atherosclerotic plaque tissue is often only available

in small samples, insu�cient for a proper handling and testing. Testing small-sized

plaques with compression, in�ation, bi-axial, or uni-axial tensile tests is rather di�cult.

Additionally, since plaque tissue is heterogeneous, consisting of di�erent components,

it can be assumed that its mechanical properties are also heterogeneous. Tests using a

smaller sized indenter allow a more local measurement, therefore, avoiding the tissue
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size problem. Nano-indentation tests allow very local measurements. However, the

found studies applying small micro-meter indenter tips could only test plaque tissue at

small strains. To characterise the mechanical properties of plaque tissue, it is crucial

that mechanical testing is done at physiological strain. Using micro-indentation, local

force-indentation measurements can be performed on relative homogeneous tissue at

physiological relevant strain values. As shown in this review, micro-indentation may

also be used to identify anisotropic material behaviour of plaque tissue. In conclusion,

compressive mechanical properties of atherosclerotic plaques can be determined us-

ing uncon�ned compression (global and dynamic properties), micro-indentation (local

properties) or nano-indentation (micro level properties). Depending on the desired in-

formation, one of these techniques can be used and the advantages and disadvantages

can be found in this review.
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3.1 Introduction

Atherosclerotic plaque rupture is the main cause of ischemic stroke and myocardial

infarction. Plaque rupture can lead to thrombus formation on the disrupted plaque

surface and subsequent embolisation of thrombus into the distal vessels or to acute

vessel occlusion. Rupture-prone plaques are characterised by the presence of in�am-

matory cells, intraplaque haemorrhage and a lipid-rich necrotic core (LRNC) covered

by a thin �brous cap. A reliable prediction model of cap rupture has a big impact on

the diagnosis and treatment of atherosclerosis and atherosclerosis-related diseases [21].

Currently, the used methods to estimate plaque rupture is merely based on geomet-

rical parameters, whereas biomechanical models have shown to provide a better risk

assessment [36, 60, 72, 73, 85]. However, the results of these models strongly depend

on material properties of individual plaque components. Therefore, these models will

bene�t from speci�c knowledge of material properties of individual plaque components.

Experimental data on the mechanical properties of atherosclerotic tissue are scarce

and show large variability, ranging from very soft (30-40 kPa, [65, 70]) to very sti� (of

order 1MPa, [41, 45, 51, 64]). Moreover, most of the data represent only the average

global sti�ness of the plaque tissue tested and do not distinguish between di�erent

components within a plaque.

Recently, an experimental technique was developed by [75, 76], combining micro-

indentation tests on soft biological materials with confocal laser scanning microscope

imaging. We apply this technique to investigate the compressive Young's moduli of

di�erent plaque components in the axial direction.

3.2 Methods

3.2.1 Preparing plaque tissue

Eight carotid artery endarterectomy specimens were obtained from eight symptomatic

patients (2 female, 6 male, age 59 to 87 years). All plaques had ≥ 70% stenosis and

low calcium content on preoperative CT angiography. Approval was given by the Insti-

tutional Review Board of the Erasmus MC, and informed consent was obtained. The

plaques were snap-frozen, using liquid nitrogen and stored at -80°C. In a later stage,

the plaques were sectioned, using a Leica cryotome at 20°C. Slices of 200 µm thick-
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nesses were obtained with 1mm spacing in between for the indentation experiments

(Figure 3.1).

Figure 3.1: Sectioning of plaque tissues with a cryotome to create 200mm thick slices for mechanical

testing. Depending on the axial length of the plaque, 6-13 slices were obtained. Adjacent slices are

used for histology.

Distal and proximal to each test section, slices of 5 µm thickness were cut for histol-

ogy. A Gomori trichrome staining was applied on these slices. This stains collagen

green/blue, muscle cells red, and nuclei black/blue. The histological images were used

to determine indentation locations by visual registration before the experiments.

Prior to the mechanical testing, the 200 µm thick sections were thawed to room tem-

perature and stained overnight using a �uorescent CNA35-OG488 probe [78]. This

�uorescent staining was applied to visualise the collagen architecture of the plaque

tissue.

3.2.2 Indentation test and imaging

To analyse the local mechanical properties of a plaque tissue, an existing indentation

test set-up [75] was adapted, using a surface force apparatus developed by Vaenkatesan

et al. (2006) [74]. At each testing location at least three consecutive indentations were

performed using a spherical indenter with a diameter of 2mm. During indentation the

force response and the indentation depth were recorded. As described in Cox et al.
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(2010) [77], the �rst indentation was considered as preconditioning and these results

were not included. The measurements at the same indentation location were averaged.

An inverted confocal laser scanning microscope (magni�cation 10x, excitation 488 nm,

emission 500 nm high-pass), located underneath the set-up, was used to visualise the

collagen structure, which were �uorescently stained (Figure 3.1, Figure 3.2, [78, 86]).

More detailed information regarding the indentation set-up can be found in Cox et al.

(2005) [87].

3.2.3 Data analysis

A 3D �nite element model was created to simulate the indentation experiments, as

previously described by Cox et al. (2008) [75]. The behaviour of the tissue was de-

scribed with an isotropic incompressible Neo-Hookean model. The local shear modulus

G at the test location was estimated by �tting the model to the experimental force-

indentation-depth curve. The force response of up to 30% indentation of the tissue

thickness was used for the parameter identi�cation (Figure 3.3). Simulations con�rmed

that the circumferential strain at 30% indentation of tissue thickness was about 20%,

which corresponds to the upper limit of physiological strain range. The contact radius

between indenter and tissue was about 0.4mm². To �t the experimental data with the

simulated data, the least-square method was used. To compare the results obtained

in this study with the results in literature the Young's modulus E was calculated from

the shear modulus G with

E = 3G (3.1)

Measurement positions were classi�ed by their indentation location and collagen struc-

ture. Based on the collagen structure, three di�erent types of collagen architectures

were distinguished using the confocal microscope (Figure 3.2). Following the approach

of Timmins et al. (2010) [88] and Ng et al. (2006) [89], a customised MATLAB script

was generated to estimate the alignment index (AI ) of the collagen �bres. The AI was

given by

AI =
δ/(∆ + δ)

δIR/(∆ + δ)IR
=
δ/(∆ + δ)

40/180
(3.2)

where δ described the sum of frequencies of �bres within ± 20° of the preferred �bre

alignment (PFA) and Δ was the sum of frequencies of the remaining �bres outside of

this range. The sums of frequencies δIR and ∆IR described the corresponding sum of
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frequencies for an ideal random (IR) distribution, where the �bre dispersion is isotropic.

These sum of frequencies were per de�nition δIR=40 and ∆IR=140.

To decide if the collagen distribution was structured or unstructured an arbitrary thresh-

old of AI=1.4 was chosen. Therefore, locations which showed a high amount of col-

lagen �bres with a clear alignment (AI>1.4) of the �bres were classi�ed as dense

structured collagen areas (SC). Positions with high amounts of collagen, but no clear

alignment of the �bres (AI<1.4), were characterised as loose unstructured collagen

locations (UC). Collagen poor areas, primarily in the lipid-rich necrotic core (LRNC)

region, were classi�ed as CP.

Figure 3.2: Examples of a dense structured collagen location (SC), a loose unstructured collagen

location (UC) and a collagen poor location (CP).

Each slice was indented at one to eight di�erent locations. The locations were classi-

�ed as middle of the �brous cap, shoulder region of the �brous cap, lipid-rich necrotic

core (LRNC) region and intima (remaining arterial wall regions, Figure 3.4).

After the measurements the homogeneity at the tissue testing locations were examined

based on the confocal images. Two observers (CKC and ACA), who were blinded to the

sti�ness results, conducted this evaluation. The following criteria led to the exclusion

of the results from further analysis:

� Presence of debris or other foreign material, which were not identi�ed as collagen

�bres.

� Ruptured collagen �bres.
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� Gap in the tissue which did not correspond to the structure of the surrounding

tissue.

� Folded tissue, which can lead to slipping of the tissue in�uencing the sti�ness

results.

Figure 3.3: A least-square method was used to �t a neo-Hookean material model to the experimental

force-indentation data, 30% of the tissue thickness is indented and used for �tting to simulated data

(here:0.075mm).

Statistical analysis was conducted to compare sti�ness between indentation locations

and between collagen types. The sti�ness results showed a non-Gaussian distribution.

The Kruskal-Wallis test (Dunn procedure) was applied using GraphPad Prism version

5.04 for Windows. A p-value < 0.05 was considered as signi�cant result.

3.3 Results

3.3.1 Representative plaque result

In total, eight human carotid plaques were tested. Depending on the length of the

plaque, 6 to 13 slices were obtained per plaque. At 284 locations, 574 measurements

were performed. After examining the confocal images for homogeneity of test locations,
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Figure 3.4: Histological slice (bottom). The top �gures show the indentation positions indicated

by the laser beam.

214 locations were used for further analysis. The average thickness of the tested plaque

sections was 240 µm (±80 µm).

Representative results of one plaque are shown in Figure 3.5. On the left-hand side

of Figure 3.5, a schematic representation of the plaque is shown where the common

carotid artery bifurcates into internal (ICA) and external carotid artery (ECA). Among

9 slices obtained from the plaque, the most 3 proximal slices (slice 7 to 9 in Figure 3.5)

contained both the internal and the external artery. The other slices only included the

internal carotid artery. Above the illustration of the bifurcation, a schematic image of

a slice is shown, where the di�erent coloured areas represent the indentation locations.

On the right-hand side of Figure 3.5, a table shows the Young's moduli in kPa. Corre-

sponding to the schematic image of the slice, the di�erent coloured columns represent

the indentation locations. The collagen-rich �brous cap and intima locations, where

41



Figure 3.5: Left: Schema of a carotid plaque at the bifurcation of common carotid into internal

(ICA) and external carotid artery (ECA), Right: Young's moduli in kPa for this plaque, SC (dense

structured collagen), UC (loose unstructured collagen) and CP (collagen poor), LRNC (lipid-rich

necrotic core).

further divided into dense structured collagen (SC) and loose unstructured collagen

(UC). LRNC locations were collagen poor (CP). At slice 1 to 4 and at slice 6 a single

location in the middle of the cap was measured. Slice 5 had a �brous cap large enough

to perform indentation tests at two di�erent middle cap locations. Each value in the

table represents the average of at least two consecutive measurements at the same

location. For the middle of the cap all values were in the range from 15 to 53 kPa with

an average of 41 kPa and standard deviation (SD) of 12 kPa. Moreover, based on the

collagen dispersion, only SC regions were found in the middle of the cap. Most of the

indentation locations at the shoulder of the cap were also found to be SC regions. Only

at slice 2 and 8 UC regions were present. The Young's modulus of the shoulder regions

ranged from 23 to 104 kPa. For this location the average value was 42 kPa, similar

to the middle of the cap. At the intima regions, �ve SC and three UC locations were

found. The Young's moduli varied from 7 to 114 kPa with an average of 40 kPa for SC

and 80 kPa for UC. For this plaque only one CP location with a Young's modulus of

18 kPa was available for testing. To investigate the di�erence of mechanical properties

in the longitudinal direction of a vessel, plaques were divided into three parts each con-
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sisting of three slices representing proximal, middle and distal regions of the plaque.

This last column of the table shows the average values and the standard deviation of

these three regions. For this particular plaque the proximal region is sti�er than the

distal region.

3.3.2 Collagen structure

There were 119 positions classi�ed as SC, 75 positions as UC, and 20 positions as CP

areas. No signi�cant di�erences could be found between the collagen-rich location SC

and UC (Figure 3.6). The collagen-rich locations showed a high variation of sti�ness

results, ranging from 6 to 891 kPa. However, CP areas had a smaller range (9 to

143 kPa), and the results were signi�cantly lower (median 16 kPa) compared to the

collagen-rich locations SC (median 31 kPa) and UC (median 33 kPa) (Figure 3.6).

Figure 3.6: Box and whisker plots (minimum�maximum) of the Young's moduli, structured (SC),

unstructured (UC) and collagen poor areas (CP), ***p-value < 0.001.

3.3.3 Indentation locations

Based on the histology images, indentation locations were chosen before performing

the experiments. There were 43 indentation locations identi�ed as middle of the �-
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brous cap, 61 as shoulder regions of the cap, 90 indentation locations as intima, and

20 as LRNC.

Figure 3.7: Box and whisker plots (minimum-maximum) of the Young's moduli of the di�erent

indentation locations and the signi�cance of the values compared to each other, *p-value <0.05,

***p-value <0.001.

Table 3.1 summarises the results of all plaques tested. In Figure 3.7, the logarithmic

scaled y-axis displays the Young's modulus in kPa, the x-axis shows the indentation

location, middle of cap (median=31 kPa), shoulder of cap (median=27 kPa), intima

(median=46 kPa), and LRNC locations (median=16 kPa). It was found that the �-

brous cap and intima regions are signi�cantly sti�er than the LRNC regions. No di�er-

ences were observed between the middle and shoulder of cap, and the intima locations.
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Table 3.1: Summary of indentation test results, Mid-Middle of �brous cap, Sh-Shoulder of cap.

SC/Mid SC/Sh SC/Intima UC/Mid UC/Sh UC/Intima CP/LRNC

No. of test locations 29 36 54 14 25 36 20

Minimum in kPa 12 6 6 11 9 11 9

25% Percentile in kPa 18 18 17 14 15 30 12

Median in kPa 36 26 35 28 27 58 16

75% Percentile in kPa 54 43 95 34 46 109 22

Maximum in kPa 891 182 305 166 203 475 143

3.3.4 Inter- and intra-plaque variability, comparison between

longitudinal and transversal slices, and change of me-

chanical properties in longitudinal direction

The axial compressive Young's modulus of each plaque, excluding the collagen poor

locations, are summarised in Figure 3.8. The results show that there is a large variation

in Young's moduli within each plaque, especially for plaque 6 (11 to 891 kPa). Due to

this variation, no signi�cant di�erences between plaques were observed.

Figure 3.8: Box and whisker plots (minimum�maximum) of theYoung's moduli of 8 human carotid

atherosclerotic plaques, excluding collagen poor locations.

The indentation tests were performed in axial direction of the artery on transversal

slices. For one plaque, part of the tissue was sliced in the longitudinal direction and
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these longitudinal slices were used for testing. The resulting Young's moduli show no

signi�cant di�erences between the transversal and longitudinal slices (data not shown).

From proximal to distal, the results indicated no signi�cant di�erences in Young's mod-

ulus. In three atherosclerotic plaques the �brous cap at the proximal region showed

higher sti�ness than the distal region. However, in two cases the proximal site was

softer than the distal side. For the remaining three plaques, numbers of indentation

locations at the �brous cap were not su�cient to make a comparison between proximal

and distal regions.

3.4 Discussions

In this study we used an indentation test and inverse FE analysis to estimate the

compressive Young's moduli of carotid atherosclerotic plaque tissue in axial direction.

Assuming isotropic neo-Hookean behaviour, the Young's moduli were found in the

range from 6 kPa to 891 kPa (median of 30 kPa) corresponding to values found in the

literature. Collagen poor regions were softer than collagen-rich locations. However,

no signi�cant di�erences were observed between the Young's moduli of structured and

unstructured collagen architectures. Moreover, no signi�cant di�erences were found

between the middle of the �brous cap, the shoulder regions, and remaining intima

locations. Therefore, the results indicate that the macroscopic behaviour of carotid

atherosclerotic �brous plaque tissue can be approximated by a single material model.

However, it should be noted that the sample size (8 endarterectomy specimens) may

not be su�ciently large to detect a statistical di�erence between the middle and shoul-

der regions of the �brous cap, particularly since other patient-speci�c variables (age,

gender, etc.) had not been controlled for.

A literature review revealed that there is a high variability of sti�ness values of plaque

tissue [41, 45, 59, 64, 65, 70, 90, 91, 92]. Our results are in the lower region of

the range reported in literature and are consistent with the values obtained by Lee

et al. (1992) [65] and Barrett et al. (2009) [70] (Table 3.2). However, our results

di�er from the values obtained by other groups [41, 45, 59, 64, 90, 91, 92]. Possible

explanations for this might be the di�erent methods used to measure the mechanical

properties of atherosclerotic plaque tissue which lead to the measurement of di�erent
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Young's moduli (Table 3.2). In addition, the direction of measured sti�ness also plays

a role. The anisotropy of the tissue suggests that testing the sti�ness of plaque tissue

in di�erent directions will lead to di�erent results, although our values obtained from

testing a small set of longitudinal slices were comparable to the results we obtained for

transversal slices. Furthermore, di�erent values might be the result of the measure-

ments of di�erent specimen types. Since the geometry of arteries at di�erent locations

varies and arteries from various locations experience di�erent stresses and strains, it

is suggested that the biomechanical properties of arteries from di�erent location also

vary. Di�erences between the values we obtained and the results of the other research

groups might be also caused by the various methods used to classify the tissue. In our

study we distinguish between collagen structure and between di�erent plaque locations.

Measurements at same indentation positions led to a mean di�erence of 12% (±14%)

showing that the indentation test method itself is reproducible. Taking the 25% and

75% percentile as range, the variability is similar to the range obtained by Barrett et

al. (2009) [70] and Lee et al. (1992) [65]. It is smaller than the variability obtained

by other research groups [41, 51, 90]. Since the range of values we found is similar for

each plaque we tested and this is also observed by most research groups, the obtained

range must re�ect the variable nature of the mechanical properties of biological tissue.

It is suggested that, due to the di�erent shear stress between the proximal and distal

regions, di�erent plaque morphology and therefore di�erent sti�ness results in those

regions of the plaque can be expected [93, 94, 95]. Gijsen et al. (2008) [95] showed

on human coronary arteries that the shear stress upstream is signi�cantly higher than

downstream. Dirksen et al. (1998) [93] found a signi�cant di�erence between the cell

compositions of proximal and distal parts of carotid plaques. Therefore, the results

from literature suggest that also the sti�ness of the �brous cap proximal and distal of

a plaque could be di�erent. Using plaque tissue from carotid endarterectomy patients,

it was possible to analyse the changes of sti�ness from proximal to distal locations in

�ve samples. No signi�cant di�erences could be observed.

To analyse the in�uence of the collagen structure on the mechanical properties a

confocal microscope was used to identify the collagen structure of the tested tissue

location. The results show a wide spread of mechanical properties between plaques.

Sti�ness values of collagen poor locations, which are mostly found in the LRNC, have

less variation than collagen-rich regions. A statistical analysis using a non-parametric
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approach indicated that the collagen-rich locations (structured and unstructured) are

signi�cantly sti�er than collagen poor locations. For collagen-rich positions, no signif-

icant di�erences are found between the di�erent collagen structures, suggesting that

the architecture of collagen has no obvious e�ect on the Young's modulus. It is sur-

prising that our results show no in�uence of the collagen structure on the sti�ness

results. Reasons for this might be the use of an isotropic model assuming homogeneity

of the sample which might not re�ect the actual mechanical behaviour of the tissue. In

addition, it has to be noted that not only the collagen structure but also the amount of

collagen in�uences the sti�ness of the plaque tissue. The quantity of collagen was not

measured during this study. Burleigh et al. (1992) [40] showed that plaque caps seem

to require more quantities of collagen than neighbouring intima to maintain the same

mechanical strength indicating that the collagen structure in the cap is less e�ciently

organised than in adjunct intima. The result of Burleigh et al. (1992) [40] suggests

that for the sti�ness of plaque caps the amount of collagen play a bigger role rather

than the collagen structure. Therefore, the last point is probably the main reason

why we could not observe a signi�cant di�erence between structured and unstructured

collagen �bres.

For di�erent indentation locations of single slices, it is observed that the �brous cap

tissue and intima tissue are signi�cantly sti�er than the collagen poor regions which

could be expected. However, no di�erences were found between the middle parts of

the cap tissue, shoulder regions of the cap, and intima positions suggesting that one

material model can be used to approximate the diseased intima and �brous cap. On

the other hand, considering the high variability of results, it is clear that �nding a

signi�cant tendency is di�cult.

A limitation of the study is the fact that the samples were frozen for logistical reasons.

According to Schaar et al. (2002) [96], the in�uence of freezing on the mechanical

properties of coronary arteries plays only a limited role. The freezing protocol applied

in this study included dipping the sample in liquid nitrogen for snap-freezing. This

procedure is widely used to avoid ice-crystal formation. Hemmasizadeh et al. (2012)

[97] used nano-indentation to show that snap-freezing and storage at -80°C had no

signi�cant in�uence on the mechanical properties of porcine aortas. Therefore, the

probability of damage of thecollagen �bres due to ice-crystal formation was minimised.

Furthermore, the indentation tests were performed at least twice at the same indenta-

tion location and the results were reproducible indicating that no damage to the tissue
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architecture occurred. The measurements were controlled by confocal microscopic vi-

sualisation and also no damage to the tissue was observed. Moreover, the histological

data was examined and indicated that no damage due to ice-crystallisation was present.

In literature the mechanical properties of atherosclerotic plaques are usually given only

as Young's moduli. Furthermore, it is not always clear whether or not this is aYoung's

modulus determined at small strains, or a secant modulus of the slope of a curve at a

certain strain level. Considering these reservations, the obtained values from this study

were compared to the results in literature using E = 3G, which is only valid at small

strains.

The values of the lipid core regions appear to be higher than previously reported data

[29]. A possible explanation might be that the mechanical tests were performed at

room temperature. Testing at this temperature might a�ect the values for lipid core

regions. The physiological mechanical properties of the lipid-rich necrotic core at body

temperature might be very di�erent from their mechanical properties at room temper-

ature. Therefore, these results should be dealt with caution when including them in

simulations, since this may have a strong impact on the biomechanical stress analysis

of plaques [62].

In conclusion, the system proved to be suitable to measure the local mechanical prop-

erties of plaque tissue. The compressive mechanical properties of human plaques in

axial direction are lower than previously reported. Mechanical testing of �brous cap tis-

sue and surrounding intima tissue showed similar mechanical properties between these

locations. They are signi�cantly sti�er than collagen poor regions.
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4.1 Introduction

Atherosclerosis is a disorder of the arterial wall, characterised as wall thickening due

to invasion of cholesterol, macrophages, and smooth muscle cells. Eventually, this

process can result in a rupture-prone atherosclerotic plaque. When an atherosclerotic

plaque is at high risk for rupture, it is called a vulnerable plaque. Such a vulnerable

plaque may consist of haemorrhage, macrophages, and a lipid-rich necrotic core which

is covered by a thin �brous cap. This thin �brous cap separates the thrombogenic

lipid core from the blood stream and is prone to rupture. Plaque rupture can lead to

thrombus formation and acute vessel occlusion or embolisation of plaque debris and/or

thrombus in the distal vessel bed. If this happens in the carotid artery, it may lead to

an transient ischaemic attack or an ischaemic stroke. In fact, carotid plaque rupture

is a major cause of ischaemic strokes [98].

Reliable diagnostic methods for plaque rupture are desired. Current methods are based

on morphological plaque parameters, for example the degree of stenosis. However,

studies showed that this is insu�cient and that better risk assessment methods for

plaque rupture are required [99]. From a mechanical point of view plaque rupture oc-

curs when mechanical stresses exceed the strength of the thin �brous cap of the plaque

[36, 60, 72, 73, 85]. Biomechanical models are able to compute stresses and strains

inside an atherosclerotic plaque allowing a prediction of local stress peaks and failure

locations of the plaque [85]. However, the reliability of these computer models depends

strongly on the applied material models. Currently, the used models mostly comprise

isotropic material behaviour of the plaque tissue, although it is generally accepted that

atherosclerotic plaque tissue behave highly anisotropic [45]. This is especially the case

for plaque components with high collagen content, such as the �brous cap. Therefore,

including anisotropic model parameters will improve biomechanical models and may

improve the risk assessment of rupture of atherosclerotic plaques.

The aim of the present study was to measure the local anisotropic mechanical be-

haviour of collagenous rich plaque components at large strains. An in-house developed

unique indentation test setup was used to perform mechanical testing. During the

indentation, the deformation of the collagen �bres of the plaque tissue perpendicular

to the indentation direction was visualised via confocal microscopy. Using digital im-

age correlation, the displacements of the collagen �bres were quanti�ed. By means of

inverse �nite element analysis, the anisotropic behaviour of collagenous atherosclerotic

plaque tissue was characterised.
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4.2 Methods

4.2.1 Sample preparations

The sample preparation and mechanical tests have been extensively described in Chai

et al. (2013, 2014) [71, 100]. Atherosclerotic plaques from 5 symptomatic patients

(2 female, 3 male, age 65 to 87 years) were obtained by carotid endarterectomy, after

written consent was given. Before the mechanical tests the samples were snap-frozen

and stored at -80°C. In a later stage, the obtained plaques were sliced using a cry-

otome to create transversal cross-sections. These cross-sections were thawed and a

�uorescent staining was applied to visualise the collagen �bre type I and III [78] in the

atherosclerotic plaques so that the deformation of the �bres can be quanti�ed during

mechanical testing. For the mechanical testing an in-house developed indentation de-

vice was used. The spherical indenter of the device with a diameter of 2 mm allowed

local measurement at room temperature. Phosphate bu�er saline solution was used to

prevent dehydration of the plaque tissue.

4.2.2 Indentation test and imaging

For a detailed description of the indentation test, one is referred to chapter 2. Plaque

cross-sections were placed underneath the indentation test device [71]. A sphere head

with a diameter of 2 mm indented the tissue along the axial direction of the vessel at

a quasi-static rate of 0.01mm/s. The small sphere allowed a local measurement. The

�rst indentation to half of the tissue thickness was applied as preconditioning. After-

wards, another indentation to half of the tissue thickness was applied while recording

the force-response. The resolution of the force measurement was 15 µN, whereas the

indentation measurement was performed at a resolution of 15 nm. For a detailed

description of the indentation test, see Cox et al. (2005) [87] and Vaekatesan et al.

(2006) [74]. The indentation test device was placed above an inverted confocal mi-

croscope, which allowed the visualisation of collagen �bres in the plaque. The main

collagen �bre direction and collagen �bre dispersion were determined using Fourier

component analysis of ImageJ 1.47n plug-in 'Directionality'. The confocal imaging

also enabled the visualisation of the collagen �bre displacement perpendicular to the

indentation direction. Using digital image correlation [75], it was possible to quantify
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the collagen deformation during indentation (Figure 2.2, see chapter 2). Therefore,

the experimental setup allowed the measurement of indentation force-response, col-

lagen �bre displacement perpendicular to �bre alignment, and collagen �bre stretch

(Figure 2.2). These parameters were used as input for the inverse �nite element (FE)

analysis to determine anisotropic mechanical properties.

4.2.3 Inverse �nite element (FE) analysis

For the inverse FE analysis, the material model based on Driessen et al. (2008) [79]

was applied. Advanced atherosclerotic plaques consist of di�erent plaque components.

Therefores, it is important to address this issue by applying local measurements. As

depicted in Figure 4.1 indentations were performed in the middle of the �brous cap

(shown in green, n=7), at the shoulder region of the cap (shown in red, n=10), and

at the remaining diseased intima regions (shown in blue, n=11).

Figure 4.1: Di�erent indentation locations were tested. In blue the remaining intima tissue sur-

rounding the shoulder cap regions in red and the middle of the �brous cap in green.

Indentations were conducted at di�erent plaque components which were pre-selected

based on histology images and which were visually inspected using the confocal micro-

scope to �nd locally homogenous structure in the proximity of the testing locations.
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For the FE model, the material was considered homogeneous in the region of inter-

est. Furthermore, the contact between indenter and tissue as well as between tissue

and glass counter plate was assumed to be frictionless. Assuming incompressibility,

the Cauchy stress σ consists of a hydrostatic pressure p and the extra stress τ , as

described in equation (4.1).

σ = −pI + τ (4.1)

τ = τm + τ f = Gm(F · FT − I) +

Nf∑
i=1

φif [ψ
i
f − ~eif · τm · ~eif ]~eif~eif (4.2)

As shown in equation (4.2) the local collagen structure of the atherosclerotic plaque

was described by splitting the extra stress τ into an isotropic matrix part τm and an

anisotropic �bre part τ f . The isotropic part τm represents the extracellular matrix

and is described by the matrix shear modulus Gm. The anisotropic part τ f depicted

the collagen �bres of the tissue where Nf is the number of �bres in the direction of

~ef . The �bre fraction φif in direction of ~ef follows a periodic Gaussian distribution

[79, 101], as shown in equation (4.3) where γi is the �bre angle, A a scaling factor, so

that the total �bre volume fraction equalled φtot, α the main �bre direction and β the

�bre distribution.

φif (γi) = Aexp
cos[2(γi − α)] + 1

β
(4.3)

The �bre stress ψf was modelled with an exponential function according to Holzapfel

et al. (2000) [80].

ψf = 2k1λ
2
f (λ

2
f − 1)exp(k2(λ

2
f − 1)2) (4.4)

4.2.4 Parameter estimation

To infer the anisotropic mechanical parameters of the plaque tissue an iterative mixed

experimental-numerical approach based on the method by Meuwissen et al. (1998) [81]

and Cox et al (2008). [76] was applied. The di�erence between experimental mea-

surements m
∼

and the predicted data h
∼
, obtained from the �nite element simulations,

were minimised by applying a Gaussian-Newton minimisation algorithm. Experimental

data m
∼

and simulated data h
∼
consisted of indentation force F and the anisotropic

index AI = λy
λx
− 1, where λy and λx were the two in-plane principal stretches of

the tissue determined from the confocal images using digital image correlation. For

each experiment, a 3D FE model was generated, where for each measurement point
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mi a prediction hi was simulated. These simulated data h
∼
depended on the boundary

conditions u
∼
as input and on the material parameters ϑ

∼
= [ϑ1, ..., ϑP ]T , where P is

the number of parameters. The results obtained from the indentation experiments

m
∼

related to the material parameters ϑ
∼
, as described in equation (4.5), where the

measurement and modelling error were depicted by ξ
∼
.

m
∼

= h
∼

(u
∼
, ϑ
∼

) + ξ
∼

(4.5)

There were three material parameters ϑ
∼
, the non-linearity factor k2, the �bre sti�ness

k1, and the matrix shear modulus Gm. For 14 cases the matrix shear modulus Gm

was very low compared to the value of k1. The value for Gm went towards almost

zero causing numerical issues. To avoid these, the matrix shear modulus was �xed

at a lower limit of Gm = 1kPa, so that for these cases only two material parameters

needed adjustment for minimisation, namely the �bre sti�ness k1 and the non-linearity

factor k2. Initially, the starting parameters for the iteration process were set to k1=

1kPa and k2=1. If no convergence was reached, the starting parameters were varied.

Since a value for k2< 0 suggests strain-softening, which is not expected for biological

tissue, a lower limit of k2 = 0 was enforced. A quadratic objective function J(ϑ
∼

) was

used to describe the quality of the �t between the experimental results obtained from

the indentation tests and the simulated data obtained from the FE simulations.

J(ϑ
∼

) = [m
∼
− h

∼
(u
∼
, ϑ
∼

)]TV [m
∼
− h

∼
(u
∼
, ϑ
∼

)] (4.6)

To ensure that all data points contributed equally, the objective function J(ϑ
∼

) included

a weighting matrix V , which is shown in equation (4.7).

V (i, i) =
1

m(i)2
, i = 1, ..., N. (4.7)

The stop-criterion for the minimisation algorithm was reached when the sum of changes

of all material parameter was < 1% between iterations. The quality of the �t between

the experimental and simulated data was quanti�ed as Mean Relative Error (MRE)

of indentation force and anisotropic index AI (Figure 4.3).

The Mean Relative Error (MRE) for the indentation force-depth curves MREForce

and the anisotropic index AI-relative indentation curves MREAI were de�ned as

MREForce =
100%

n
·

n∑
i=1

|Fexp(i)− Fsim(i)|
F exp(i)

(4.8)

MREAI =
100%

n
·

n∑
i=1

|AIexp(i)− AIsim(i)|
AIexp(i)

(4.9)

where Fexp is the measured force-response, Fsim represents the simulated force-response,

AIexp is the anisotropic index AI as de�ne and AIsim is the anisotropic index resulting
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from the FE simulations. All parameters were obtained at di�erent indentation depths

in 20 steps. The inverse FE analysis was performed until a maximum indentation of

20% of the tissue thickness.

4.2.5 Statistical analysis

Plaque tissue consists of a heterogeneous morphology as it is a multi-component struc-

ture. Local measurements with the described micro-indentation setup allowed com-

parison between the results obtained at di�erent collagenous sites on a plaque. To

compare the data obtained from the di�erent indentation locations, statistical analysis

was conducted using Graph-Pad Prism version 5.04 for Windows. The obtained data

showed a non-Gaussian distribution. Therefore, a non-parametric approach (Kruskal-

Wallis, Dunn procedure) was chosen to analyse if signi�cant di�erences between the

material parameters at di�erent indentation locations could be found.

4.3 Results

4.3.1 Parameter identi�cation

A representative example of a confocal image with results from the digital image corre-

lation (DIC) is shown in Figure 4.2. The indenter was placed in the centre of the image

and was moving towards the observer, compressing the tissue. This compression led

to extension of the collagen �bres in the 2D-bottom plane perpendicular to the inden-

tation direction. From this 2D-displacement �elds the local deformation gradient and

local strain �elds were inferred using the algorithm described in Geers et al. (1996)

[102]. From this the �rst and second principal stretches were obtained, indicated by the

black arrows in Figure 4.2. The �bre deformation patterns were often heterogeneously

distributed. Averaged �bre tensile curves were �tted to averaged tensile properties k1
and k2 according to equation (4.4). A typical indentation force-depth-curve and the

two principal stretches, summarised as anisotropic index AI, are shown in Figure 4.3.

It is shown that the �nal numerical data from the FE simulations correspond very well

to the average experimental data.
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Figure 4.2: Digital Image Correlation (DIC) result of one measurement. Arrows indicate the

directions of �rst and second principal stretches. The arrow length show the strain-magnitude.

Figure 4.3: For the parameter estimation the indentation force, indentation depth, and the collagen

�bre displacement depicted as AI were used as input m
∼
. These measurements were �tted to the

simulated data h
∼
from the FE simulations. Here one representative �tting for one indentation location

is shown (patient I, intima location). For the AI the averaged value at each indentation depth is shown.

The dash-dotted lines show the standard deviation for the experimental results. The MRE was 11%

indicating a very good �t.

4.3.2 Material parameters

The material parameters obtained from the inverse �nite element analysis are sum-

marised in Table 4.1 and Table 4.2. The columns show the indentation locations, the

patient, and the used shear moduli of the non-�brous matrix Gm. Further material pa-

rameters include the �bre sti�ness k1, the non-linearity factor k2 and the �bre dispersion
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β. The last column shows the averaged mean relative errorMRE = MREForce+MREAI

2
.

After each indentation location the median values, 25th percentile and 75th percentiles

are presented. The last rows of Table 4.2 summarise the total median values, 25th per-

centile and 75th percentiles of all material parameters.

It should be noted that generally the matrix sti�ness Gm was much softer than the

collagen �bre sti�ness k1. In fact, the matrix shear modulus Gm sometimes was al-

most zero causing numerical problems. If this was the case, Gm was �xed to a lower

limit of Gm= 1kPa to overcome this problem. The �bre sti�ness k1 had a median

value of 80.6 kPa (25th percentile and 75th percentile was 17.7-157.0 kPa). The 25th

percentile and 75th percentile for the non-linearity factor k2 was from 1.0 to 10.7 with

a median value of 3.4. The �bre dispersion β was found to be 0.6 (0.4-0.9).

The 25th percentile and 75th percentiles for the �bre sti�ness k1 at the remaining

intima regions was from 24.5 kPa (25th percentile) to 892.8 kPa (75th percentile) with

median value of 99.2 kPa (Figure 4.4). The �bre sti�ness k1 at the middle of the �brous

cap was sti�er than at the shoulder cap regions, median 73.7 kPa (11.4-260.3 kPa) ver-

sus 27.5 kPa (6.4-131.7 kPa). However, due to a wide spread, no signi�cant statistical

di�erences in �bre sti�ness k1 were found between di�erent testing locations.

The non-linearity factor k2 determines the sti�ness of the tissue at high strain. The

median (25th-75th percentile) value for k2 at intima regions was 11.5 (7.0-21.5). For

the middle of the �brous cap the median value was obtained at 3.4 (1.9-8.7). The

shoulder cap regions showed a strong linear behaviour with a median k2 value of 1.0

(0.4-1.6). The di�erence in k2 for the intima region compared to the shoulder region

was statistically signi�cant. No signi�cant di�erences were found between the middle

of the cap and the remaining testing locations (Figure 4.5).

The �bre dispersions β is a measure for the anisotropy of the plaque tissue. A more

isotropic behaviour is given by high values for β. For the plaque tissue, the tested

locations suggest rather anisotropic mechanical behaviour. The median (25th-75th

percentile) value for intima regions was 0.6 (0.4-0.7), comparable to the middle of the
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Table 4.1: Summary of the �nal output parameters (Intima and Middle of the �brous cap data)

obtained from the parameter estimation. If the mean relative error (MRE) for the �nal material

parameters was higher than 35%, the data was considered as a bad �t and omitted.

Indentation location Patient Matrix Fibre Non-linearity Fibre Mean

sti�ness sti�ness factor dispersion Relative

Gm[kPa] k1[kPa] k2[-] β [-] Error [%]

Intima I 4.3 1539.4 11.5 0.4 4.5

(n=11) I 17.0 80.6 23.7 0.1 15.7

I 75.0 2029.7 25.2 1.0 11.0

II 1.0 120.6 0.0 0.6 26.3

II 15.2 99.2 23.1 0.5 18.4

II 12.4 892.8 10.6 0.3 15.5

III 2.7 422.7 9.1 0.8 3.2

III 5.1 24.5 14.1 0.6 8.4

IV 1.0 40.5 4.8 0.5 17.8

IV 1.0 19.2 0.6 0.9 25.0

V 11.8 16.2 19.8 0.6 15.1

25th percentile 24.5 7.0 0.4 10.3

Median 99.2 11.5 0.6 15.5

75th percentile 892.8 21.5 0.7 20.1

Middle of �brous cap I 4.7 12.7 6.6 0.3 17.9

(n=7) III 1.0 365.2 2.7 0.7 13.2

III 21.7 73.7 27.4 0.3 20.7

IV 1.0 11.4 3.4 0.4 29.1

IV 1.0 6.8 1.0 8.1 29.9

IV 1.0 119.5 1.0 1.1 20.2

V 14.7 260.3 10.9 0.4 21.6

25th percentile 11.4 1.9 0.4 19.1

Median 73.7 3.4 0.4 20.7

75th percentile 260.3 8.7 0.9 25.4

�brous cap with a median value of 0.4 (0.4-0.9) and the shoulder cap regions with

a median of 0.8 (0.5-1.3). No signi�cant di�erences were found between the three

indentation location classi�cations (Figure 4.6).
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Table 4.2: Summary of the �nal output parameters (Shoulder of the �brous cap and total median,

25th percentile, 75th percentile, including the data in table 4.1) obtained from the parameter estima-

tion.

Indentation location Patient Matrix Fibre Non-linearity Fibre Mean

sti�ness sti�ness factor dispersion Relative

Gm[kPa] k1[kPa] k2[-] β [-] Error [%]

Shoulder of �brous cap I 5.1 5.6 2.9 0.0 10.2

(n=10) IV 1.0 16.3 0.8 0.7 21.1

IV 1.0 6.2 0.0 1.3 31.6

IV 1.0 27.0 1.3 0.6 13.6

IV 1.0 27.9 1.0 0.8 18.9

IV 1.0 6.4 1.0 1.0 12.4

IV 1.0 173.0 6.8 1.3 14.1

IV 8.5 152.8 1.9 5.0 8.9

V 1.0 110.5 0.1 5.8 16.8

V 10.9 161.1 0.0 0.0 17.7

25th percentile 6.4 0.4 0.5 13.3

Median 27.5 1.0 0.8 17.2

75th percentile 131.7 1.6 1.3 23.7

Total 25th percentile 17.7 1.0 0.4 13.2

Total Median 80.6 3.4 0.6 17.2

Total 75th percentile 157.0 10.7 0.9 21.6

4.3.3 Change of �bre sti�ness in longitudinal direction, inter-

and intra-plaque variability

The �bre sti�ness k1 was compared for indentation locations proximal to distal of the

plaque stenosis. Statistical analysis showed that the collagen �bre sti�ness was sig-

ni�cantly higher in the proximal locations, upstream of the plaque, compared to the

location with the maximum plaque stenosis (Figure 4.7). It has to be noted that only

a limited number of measurements (n=3) were performed at distal locations.

The wide spread of data might be caused by the fact that di�erent patients with dif-

ferent biological factors were included in this study. Therefore, the �bre stress at 20%

strain were compared for the di�erent patients (Figure 4.8). A wide spread can be

observed even within a plaque obtained from one single patient.
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Figure 4.4: Box and whisker plots (minimum-maximum) of the �bre sti�ness k1 in kPa for the dif-

ferent indentation locations. No signi�cant di�erences were found between the indentation locations

of the plaque tissue (MidCap- Middle of the �brous cap, ShCap- Shoulder region of the �brous cap).

Figure 4.5: Box and whisker plots (minimum-maximum) of the dimensionless non-linearity factor

k2 for the di�erent indentation locations. A signi�cant di�erence was found between intima and

shoulder cap regions of the plaque tissue (MidCap- Middle of the �brous cap, ShCap- Shoulder region

of the �brous cap).

4.3.4 Collagen structure

Similar to the method used in Chai et al. (2013) [71], the confocal images were used

to identify the collagen structure at the indentation location, based on the approach
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Figure 4.6: Box and whisker plots (minimum-maximum) of the dimensionless �bre disperion β

for the di�erent indentation locations. No signi�cant di�erences were found between the di�erent

indentation locations (MidCap- Middle of the �brous cap, ShCap- Shoulder region of the �brous cap).

Figure 4.7: Collagen �bre sti�ness from proximal to distal testing locations. Di�erent stresses

between up- and downstream of plaques might cause di�erent mechanical properties at those cap

locations. Here it is shown that collagen �bres are signi�cantly sti�er proximal to the plaque stenosis

than at the maximum stenosis locations.

of Timmins et al. (2010) [88] and Ng et al. (2006) [89]. From the 28 indentations,

12 were performed at highly anisotropic (structured) regions. For all these regions, the

results show that the collagen �bres are aligned in circumferential direction around the
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Figure 4.8: Fibre stress at 20% strain for the di�erent patients. A wide spread is already apparent

for each patient, which complicates comparisons of the results.

lumen of the atherosclerotic plaque tissue (Figure 4.9).

Figure 4.9: Picture of the tested plaque cross-section (left), the laser indicates the indentation

location. The red arrow depicts the direction of the main �bre direction. Confocal image of the

indentation location shows highly anisotropic collagen structure (right). The �bres are aligned in

circumferential direction around the lumen of the carotid plaque.

64



4.3.5 Comparing anisotropy, 2nd principal stretch and main

�bre directions

To verify if the computer model represented the anisotropic mechanical behaviour

appropriately, the di�erence between 2nd principal stretch directions and main �bre

directions was checked (Figure 4.10). In this experimental set-up, a homogeneous

anisotropic material would show that the 2nd principle stretch direction (least amount

of stretch) coincides with the main �bre direction. Because we work with averaged

properties in a heterogeneous material, this might not be the case and this can cause

large di�erences in properties.

Figure 4.10: The 1st principal stretch describes the main stretch which occurs perpendicular to the

main �bre direction. The 2nd principal stretch direction lies perpendicular to the 1st principal stretch

and represents the �bre stretch (in red) and should coincide with the main �bre direction (in yellow).

The anisotropic mechanical behaviour summarised as AI was plotted against the dif-

ference between 2nd principal stretch directions and main �bre directions (Figure 4.11).

The results show that the di�erences between main �bre direction and second princi-

pal stretch direction are relatively low with a mean di�erence of 14.4° (±14.6°). High

di�erences of more than 25° showed a low AI indicating a rather isotropic mechanical

behaviour of the plaque tissue at those locations. Interestingly, the highest di�erences

were at the intima locations, which also showed a low AI.
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Figure 4.11: The anisotropic index, de�ned as ratio between 1st and 2nd principal stretch minus 1,

was plotted against the di�erence between main �bre directions and the direction of the 2nd principal

stretch.

4.4 Discussion

Most of the current biomechanical computer models assume isotropic mechanical

behaviour, although studies have shown that atherosclerotic plaque tissue is highly

anisotropic [45, 52]. This study shows that atherosclerotic plaque tissue mostly con-

sists of anisotropic components with some regions behaving isotropic. The aim of the

study was to characterise the anisotropic behaviour of plaques by measuring the local

collagen �bre sti�ness and distribution. The �bre distribution was determined using

confocal imaging. The �bre sti�ness was inferred from the indentation force and dis-

placement distribution by applying inverse FE analysis. The FE model described the

experiment well, which is shown by low mean relative errors. The results show that the

extra-cellular matrix component in the plaque tissue was much softer compared to the

collagen �bres, which shows that collagen �bres are the most load-bearing structure

in atherosclerotic plaque tissue. It appeared that the �bre sti�ness at proximal shoul-

der regions of plaques is signi�cantly higher than at distal regions. Lateral shoulder

regions of the plaque show no signi�cant di�erences in �bre sti�ness compared to mid-

dle cap and surrounding intima regions. A signi�cant di�erence between the level of

non-linearity has been observed for intima regions and shoulder regions of plaque caps.
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The level of non-linearity is more pronounced in the shoulder regions. We speculate

that at higher stress larger strain might occur at shoulder regions than at intima re-

gions, potentially making the shoulder region more vulnerable to rupture at high blood

pressure.

The �bre sti�ness at di�erent longitudinal locations (proximal/upstream, maximum

stenosis, distal/downstream) were compared to each other and it was found that the

�bre sti�ness in plaques are signi�cantly sti�er at the proximal shoulder than at the

region with maximum stenosis. Huang et al. [103] found that the sti�ness of plaques

of symptomatic patients upstream might be lower than downstream. Therefore, for

those patients, the plaque cap at the proximal shoulder was more vulnerable for rupture

than distal downstream locations. In fact, Huang et al. [103] reported that a possibly

softer upstream cap was found for the patient group who su�ered from cerebral events,

whereas non-symptomatic patients had sti�er upstream caps.

Literature suggests that shoulder regions are more prone to rupture than middle re-

gions of �brous caps, possibly due to higher stress concentrations at shoulder locations

[30, 95, 104, 105]. Our study shows that the shoulder cap regions behave signi�cantly

less non-linear than the surrounding intima tissue of the plaque (Figure 4.5). There-

fore, at high stress, the shoulder cap experiences more strain than the neighbouring

intima region. A highly strained shoulder cap region combined with accumulation of

activated mast cells [106], in�ltrating macrophage releasing matrix metalloproteinases

(MMPs) [107], high shear stress [95, 108], micro-calci�cation, iron accumulation within

the �brous cap [109], and macrophage cell death [110], all contribute to an increased

rupture risk at the shoulder region. However, it has also been shown that the majority

of plaques that rupture at the shoulder regions occurs in patients at rest and that

rupture at midcap regions occur predominantly in patients during exertion [54, 111].

One possible explanation is described in Abdelali et al. (2014) [112], who proposed

that stress peaks might relocate from shoulder regions of �brous caps to the middle of

the �brous cap due to buckling e�ects. Another explanation for failure at the middle

of the �brous cap is the development of micro-calci�cation as proposed by Vengrenyuk

et al. (2006) [104, 109, 113, 114, 115, 116, 117], which can increase the stress inside

the cap and increase the rupture risk.

A problem with regard to predictability of future mechanical models is the huge spread

in the measured results. The �bre sti�ness in the present study ranged from 18 to
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157 kPa (25th percentile and 75th percentile). It is di�cult to compare the values

found in this study to other data found in literature, but the obtained range of me-

chanical properties does correspond to the range found by other research groups. The

inter-patient variability was lower than the intra-patient variability.

To characterise the anisotropic mechanical behaviour of plaques, the local collagen

�bre sti�ness was measured. However, for a full characterisation, the �bre direction

also needs to be determined. In the current study, the collagen �bre directions were

visualised using confocal imaging. The images show that at highly anisotropic loca-

tions, the collagen �bres were mainly aligned in the circumferential direction around

the lumen, similar to the healthy state of the artery. It has to be noted though that

these collagen �bre directions were observed very locally. For a full characterisation

the global 3D collagen architecture needs to be known.

4.5 Limitations

Since collagen �bres in the arterial wall are mainly oriented in the circumferential di-

rection the indentation technique measured the mechanical properties of the collagen

�bres in the most relevant direction. Relatively thin plaque slices in longitudinal di-

rection were tested. This supported the assumption of a uniform �bre distribution

throughout the slice thickness required for the inverse �nite element analysis. How-

ever, the slicing of the tissue may have compromised the collagen �bre architecture,

which will in�uence the mechanical behaviour.

Healthy arteries are under 30% pre-stretch [82, 83, 84], resulting in a more axial col-

lagen distribution than the stress-free samples tested with the indentation test. This

altered collagen distribution may have an impact on the determined sti�ness results.

It should be noted, however, that 30% pre-stretch occurs for healthy arteries. For

atherosclerotic tissue the pre-stretch might be less pronounced. Dobrin et al. (1990)

[118] and Cardamone et al. (2009) [119] have demonstrated that almost all axial

pre-stretch is due to the presence of elastin. The group of Robert et al. (1998) [120]

have shown that signi�cant decrease of elastin content occurs during the progress

of atherosclerosis. Therefore, the reduced elastin content of atherosclerotic plaques

might induce a signi�cant reduction of axial pre-stretch in vivo of the atherosclerotic

plaque. Hence, this factor might only play a minor role. However, it should be noted
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that Robert et al. [120] shows a decrease in elastin content in the lesion-free areas of

atherosclerotic aortas, not within the lesions themselves.

Another limitation may be that the freezing and thawing process damaged the collagen

structure due to ice-crystal formation. However, a snap-freezing protocol was applied

minimising ice-crystal formation. Confocal images, histological images, and light mi-

croscopy did not suggest any tissue damage. Furthermore, Ebenstein et al. (2009)

[50] have not found any di�erences between mechanical behaviour of fresh and frozen

plaque samples. According to Schaar et al. (2002) [96], the in�uence of freezing on

the mechanical properties of coronary arteries plays only a limited role.

4.6 Conclusion

In conclusion, a huge spread in plaque mechanical properties was found, much higher

than in healthy tissue. Furthermore, most of the plaque regions were highly anisotropic.

Proximal shoulder locations were signi�cantly sti�er than at the maximum stenosis

regions. It was observed that the intima tissue behaves mechanically more non-linear

than shoulder caps of plaques, which would make the shoulder regions more prone for

rupture at higher stress.
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5.1 Introduction

Current methods to assess plaque rupture risk require improvement. They are based

on general morphological parameters, such as the degree of stenosis, which are only

indirectly connected to the cause of plaque rupture. Plaque rupture occurs when the

plaque cap strength is exceeded by the cap stresses. Computer modelling is a useful

tool to improve plaque rupture risk assessment. They enable simulation of the occur-

ring stresses in plaques and can be used to visualise stress peaks in plaque caps.

However, the accuracy of stress analyses from computer models strongly depend on

the used material models and input parameters. Most of the current computer mod-

els assume isotropic behaviour although it is well accepted that plaque tissue behaves

anisotropic [45, 100]. Thus, those computer models might be over-simpli�ed and the

inclusion of anisotropic mechanical behaviour will improve the accuracy of plaque mod-

elling [52, 121].

Previous studies [100] focused on the mechanical properties of collagen �bres in plaque

tissue. For a full characterisation of the anisotropic mechanical behaviour of plaque

tissue also the 3D architecture of the �brous structure of plaques are required.

Therefore, the aim of the present study is to visualise the 3D architecture of the �-

brous tissue in human atherosclerotic plaques using Di�usion Tensor Imaging (DTI), a

technique that has already been used for visualising the collagen structure in healthy

porcine carotid arteries [122].

5.2 Methods

5.2.1 Sample preparation

The Medical Ethical Committee of the involved hospitals approved the study. Nine

human carotid atherosclerotic plaques were obtained from endarterectomy patients.

Six endarterectomy surgeries were performed at the Catharina Hospital in Eindhoven.

Three plaques were obtained from the Erasmus Medical Centre in Rotterdam (in total

9 male, age 55-80 years). Furthermore, two healthy porcine carotid arteries were ob-

tained from the local slaughterhouse. Initially, the samples were snap-frozen and stored

at -80°C. At a later stage the samples were thawed, placed in a cryovial (Sigma, USA)
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and embedded in 4% type VII agarose (Sigma, USA) similar to the protocol used in

Ghazanfari et al. (2012) [122].

5.2.2 Di�usion Tensor Imaging

DTI scanning was performed with a 9.4 T horizontal-bore MRI scanner (Bruker, Et-

tlingen, Germany) using a 35-mm-diameter send-receive quadrature birdcage radiofre-

quency coil. Two carotids embedded in type VII agarose were placed in the RF coil

and measured simultaneously. Di�usion imaging was done with a three-dimensional

spin-echo sequence with uni-polar di�usion sensitizing pulsed �eld gradients placed

symmetrically around the 180° radiofrequency pulse. Sequence parameters were: echo

time TE=27 ms, repetition time TR=1000 ms, number of averages NA=1, �eld of

view FOV=30 x 30 x 30-60 mm³, acquisition matrix = 256x96x96, reconstruction ma-

trix = 256x256x256, 10 di�usion directions with di�usion weighting b-value = 1500

s/mm², 1 image without di�usion weighting, total acquisition time ca. 28 h.

5.2.3 DTI analysis

Fibre tractography was performed by using the in-house developed software called

vIST/e [123] (http://bmia.bmt.tue.nl/software/viste/). To further analyze the �bre

orientation, �bre coordinates obtained from vIST/e were imported in Matlab (Math-

work, USA). First, the alignment of the arterial axis was set parallel to an arbitrary axis

and the whole volume was translated to the centre of coordinates. Subsequently, the

coordinates of �bres in the image reference system were converted to the cylindrical

coordinate system. Finally, the �bres orientation was calculated with respect to the

horizontal plane [122].

5.2.4 Histology

After the Di�usion Tensor Imaging, the agarose, in which the plaques were embedded,

was removed and one plaque was sliced using a cryotome to obtain longitudinal cross-

sections for histology. Picro-Sirius Red staining was applied to visualise the collagen

�bres in the plaque tissue.
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5.3 Results

5.3.1 DTI result of healthy porcine carotid artery

Di�usion Tensor Imaging results for one porcine carotid artery is shown in Figure 5.1,

being representative for both porcine carotid arteries. On the left-hand side of Fig-

ure 5.1, the tracked �bres of one porcine carotid artery are visible. The di�erent colours

indicate the direction of the �bres. In red are all �bres aligned in the circumferential

direction, whereas in green are �bres aligned in the longitudinal direction. From the

DTI results it is apparent that almost all �bres of the porcine carotid arteries follow the

circumferential direction (0° to 10°). The observations are quanti�ed in the diagram

on the right-hand side of Figure 5.1. The x-axis represents the �bre direction from -90°

to 90°, where values close to 0° indicate a more circumferential alignment, whereas

values close to ±90° correspond to longitudinal alignment. The y-axis describes the

amount of �bres found, while the z-axis indicates the arterial wall position. A position

at 0.0 is at the luminal side, whereas a position at 1.0 is at the outer wall of the sample.

5.3.2 DTI result of human carotid plaque

On the left-hand side of Figure 5.2, the �bre tractography analysis of a plaque is shown,

which is representative for 4 out of the 9 plaques. Fibres in green follow the longitudi-

nal direction of the artery, whereas �bres in blue and red are aligned in circumferential

direction. In these 4 plaques, an inner layer of �bres was found with clear �bre orien-

tation in the longitudinal direction. The inner layer is partly surrounded by an outer

layer of �bres, which are oriented in the circumferential direction. These observations

are also clear from the quanti�cation of the �bre directions, which is summarised in

the diagram on the right-hand side of Figure 5.2. The z-axis shows the normalised wall

position; where position 0.0 indicates �bres at the luminal side of the artery and 1.0

the outer wall position. At the outer wall positions the �bres are more oriented in the

circumferential direction (10°), while the �bre further down towards the luminal side

are oriented much more towards the longitudinal direction (50° to 90°).

Five plaques were found where the orientation was less clear, a disorganised and more

heterogeneous structure appeared. A representative result of those plaques is shown
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Figure 5.1: DTI results of one healthy porcine carotid artery, where almost all tracked �bres are

oriented in the circumferential direction (0º) of the plaque tissue. No �bres were aligned in the

longitudinal direction (±90º).

in Figure 5.3. On the left-hand side the tracked �bres are visualised. Those plaques

display, contrary to the plaque shown in Figure 5.2, no clear layers. This is also ap-

parent in the quanti�cation summarised in the diagram shown in Figure 5.3. Although

the �bre orientation is not as clear as shown in Figure 5.2, the plaques do display some

�bres that are aligned in the longitudinal directions.

5.3.3 Histology

The histology results for one plaque are shown in Figure 5.4. The DTI results for this

plaque showed clear �bre alignment in the longitudinal direction on the luminal side
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Figure 5.2: Tracked collagen �bres of one sample representing the general �bre alignment (�gure

on the left-hand side), �bres in green are aligned in the more longitudinal direction (90 °), whereas

�bres in red and blue represent the circumferential direction (0 °), the graph (on the right-hand side)

shows the number of �bres against the �bre directions and the luminal wall position. Here the �bres

at the luminal side are clearly oriented in the longitudinal direction (50 ° to 80 °), further lateral the

�bres are oriented towards the circumferential direction (10 °). This �gure is representative for 4 out

of 9 cases.

of the arterial wall (see Figure 5.2). Also, on the histology images the collagen �bres

were clearly oriented in the longitudinal direction at the luminal side con�rming the

DTI results. Further away from the luminal side, towards the outer wall, the collagen

�bres appeared more disrupted.
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Figure 5.3: DTI result for another sample representative for 5 out of 9 cases, where the collagen

�bre alignments are not as clearly structured as in Figure 5.2, green �bres are showing �bres in the

longitudinal direction, whereas �bres in the circumferential direction are in red and in blue, the diagram

shows the amount of �bre against the �bre direction and normalised wall position. In this example

the �bres were oriented in two directions, in circumferential (0 °) and longitudinal (90 °) direction

throughout the arterial wall.

5.4 Discussion

The aim of this study was to characterise the global 3D architecture of �brous tissue in

human carotid atherosclerotic plaque tissue using DTI. All tested plaques consisted of

�brous tissue indicating the presence of regions which behave mechanically anisotropic.

For 4 out of 9 plaques the �brous regions showed clear longitudinal alignment. The

remaining plaques revealed partly longitudinal alignment of �bres. This was also ap-

parent in the histology results for one plaque, supporting the DTI �ndings.

DTI is a well established method [124] to visualise �brous tissue, also for arterial tissue
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Figure 5.4: PSR (Picro-Sirius Red)-staining for one human plaque con�rms collagen �bres are

oriented in longitudinal direction on the luminal side of the artery. Further away from the luminal

side, the collagen �bres appear disrupted.

[122]. The presence of aligned �brous regions in all plaques indicate that atheroscle-

rotic plaques behave anisotropic, which corresponds to published data on mechanical

properties of atherosclerotic plaques [45, 100].

The �brous regions for 4 out of 9 tested plaques showed a longitudinal alignment of

�bres at the innermost layer of the plaque tissue. This inner layer was partly surrounded

by an outer layer of �brous tissue, where the �bres were aligned in the circumferential

direction of the vessel. In 5 out of 9 cases the �bre structure showed not a clear con-

tinuous layer in longitudinal direction as mentioned above. Still in these cases many

�bres were aligned in the longitudinal direction. This is a surprising result considering

that in the healthy state, as shown with porcine carotid arteries, �bres were oriented

in the circumferential direction of the artery.

A possible explanation for the longitudinal alignment of �bres may be a change of strain

and stress distribution during the formation of the atherosclerotic plaque. In a healthy

human artery the stresses due to blood pressure pulsation cause the artery to deform.

The main strain occurs in the radial direction as compression and in the circumferential

direction as tension. As a result, collagen �bres tend to align in a helical structure.

In this study the tissue was embedded in agarose for DTI, without pre-stretching the

artery. Without the axial pre-stretch the �bres, which in vivo appears as a helical

structure, rotate to a circumferential direction.
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Atherosclerosis causes a substantial thickening of the arterial wall. This thickening will

cause a change in strain and stress distribution. The thickened wall presents much

more resistance compared to a healthy wall, so it is possible that the main strain is

no longer in the circumferential and radial direction, but in the longitudinal direction.

This was observed by McCormick et al. (2012) [125]. Even for healthy arteries, it has

been shown by Cinthio et al. (2006) [126] that some longitudinal movement and shear

strain occurred. Assuming that collagen �bre orient in the direction of main strain

[79, 127, 128, 129], this might explain why �bres in atherosclerotic plaques are aligned

in longitudinal direction of the artery.

The partly alignment of �bres in longitudinal direction observed in 5 of the 9 plaques

may be caused by very heterogeneous plaques containing substantial calci�cations.

McCormick et al. (2012) [125] suggested that the strain in longitudinal direction in

atherosclerotic plaques might be in�uenced by its calci�cation content.

Furthermore, the alignment of collagen �bres might be connected to the amount of

MMP-13 present. Deguchi et al. (2005) [130] have shown the �bre distribution is

in�uenced by the presence of MMP-13.

5.5 Limitations

The imaging method cannot distinguish between di�erent types of �brous tissue.

Therefore, the tracked �bres from DTI might show also other �brous structures, such

as elastin �bres. The histology results using collagen-speci�c PSR staining suggests

that the visualised �bre structure is predominately collagen.

Healthy arteries in vivo experience an axial pre-stretch [82], while the samples, tested

in this study, were stress-free. For atherosclerotic plaques the e�ect of axial pre-stretch

might be less pronounced. Studies have shown that axial pre-stretch is mostly caused

by the presence of elastin �bres in arteries [118, 119], but Robert et al. (1998) [120]

demonstrated that the amount of elastin is decreased in plaques.

The freezing process prior to DTI may have caused ice-crystal formation which can

damage the tissue integrity, disrupting collagen �bres. To minimise ice-crystal forma-
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tion a snap-freezing protocol was applied. Moreover, Ebenstein et al. (2002) [51] and

Schaar et al. (2002) [96] investigated the in�uence of freezing on mechanical proper-

ties of atherosclerotic plaques and it was suggested that the freezing process has no

signi�cant in�uence on the mechanical properties of plaque tissue.

It has to be also noted that the samples were obtained from carotid endarterectomy

surgery, a procedure where the clinician removes the inner layers of a stenotic plaque.

Thus, the samples only represent the luminal layer of the diseased artery and the outer

layer of the plaque might contain disrupted structures, which were damaged during the

surgery.

5.6 Conclusions

To the author's knowledge, this is the �rst study attempting to visualise the architec-

ture of �brous tissue in plaques using Di�usion Tensor Imaging. The results indicate

that during the progress of atherosclerosis a major reorganisation of �brous tissue oc-

curs. The �brous tissue in plaques appears to orient in the longitudinal direction.

These new results showing the 3D �bre architecture of atherosclerotic plaques can

in combination with previous studies improve the accuracy of biomechanical models

of plaques. This will be another step towards reliable plaque rupture prediction and

improve the prevention of atherosclerosis related cardiovascular events, such as strokes

and heart attacks.
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6.1 Introduction

Atherosclerosis is characterised by accumulation of lipids and macrophages inside the

arterial wall, leading to a thickening of the wall and to the development of a plaque.

A speci�c type of advanced atherosclerotic plaque is the so-called vulnerable plaque,

which is prone to rupture. In general, vulnerable plaques consist of macrophages,

intra-plaque haemorrhages, and a lipid-rich necrotic core, covered by a thin �brous

cap separating the thrombogenic core from the blood �ow. The blood �ow and blood

pressure cause stresses inside the �brous plaque cap. The cap ruptures if the ultimate

stress in the cap is exceeded, leading to direct contact between blood and necrotic

core. Subsequent thrombus formation may cause a local occlusion of the artery or

distal embolisation of thrombus, both obstructing blood �ow. This is the main cause

for cardiovascular events, such as ischaemic strokes, transient ischaemic attacks, and

myocardial infarctions [131].

Since plaque rupture can lead to potentially lethal cardiovascular events, it is desired

to reliably assess the plaque stability. Currently, plaque stability assessment is based

on general morphological parameters such as cap thickness or degree of stenosis. How-

ever, it has been suggested that this is not su�cient and rupture risk assessment needs

to be improved to prevent plaque rupture in vulnerable plaques as well as to avoid

over-treatment of stable plaques [21].

To improve plaque rupture risk assessment, it is crucial to obtain more data regard-

ing the failure properties, i.e. ultimate stress and strain, of plaque caps. Studies

on plaque failure properties are scarce and show high variability. Furthermore, most

of these studies examine the ultimate tensile strength using uni-axial tensile tests

[39, 40, 41, 42, 44, 45, 46]. However, extraction of failure properties based on tensile

experiments is not straightforward, since the experiments are di�cult to perform on

small samples, are subject to local imperfections and cutting artefacts, and the results

depend on the orientation of the sample with respect to the collagen �bres. In addi-

tion, the stress state may not be representative for the complex stress and strain state

in real �brous caps. Compression tests are less susceptible to cutting artefacts and

geometrical imperfections, and have been performed on atherosclerotic plaque tissue.

However, these studies were not designed to examine the failure behaviour of plaques.

Most studies investigating plaque failure properties focused on plaques acquired from

large arteries such as the aorta [39, 40, 41] and iliac arteries [45]. To the authors'
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knowledge, no studies have been conducted testing the mechanical failure properties

of plaque caps in carotid arteries using indentation tests.

The present study examines human carotid plaque caps using indentation experiments

to analyse the failure properties. For this purpose, a new micro-indentation test setup

was designed and plaque caps were indented until failure occurred. In combination

with inverse �nite element analysis the ultimate stress and strain were inferred.

6.2 Materials and methods

6.2.1 Sample preparation and cap thickness measurements

The current study was approved by the Medical Ethical Committee of the Catharina

Hospital in Eindhoven. From ten patients (7 male, 3 female, age 62-79), plaques

were obtained after carotid endarterectomy. The plaques were snap-frozen using liquid

nitrogen and stored at -80°C. At a later stage, the frozen samples were thawed in

Phosphate Bu�ered Saline (PBS) to room temperature and subsequently dissected to

isolate �brous caps from the carotid atherosclerotic plaques. The sizes of two plaque

caps were su�cient to prepare two additional samples, so that in total 12 caps were

obtained for testing.

A commercially available instant adhesive (Bison Gel, Bison International B.V.) was

used to glue the isolated plaque caps on a 4mm thick stainless steel plate. The centre

of the plate contained a hole with a diameter of 2mm which was covered by the �brous

cap. Following the protocol by Topoleski et al. (1997) [67], Salunke et al. (2001)

[69], and Holzapfel et al. (2004) [45], the tissue was placed in PBS for 30min in room

temperature to equilibrate. Afterwards, the thickness of the �brous cap was measured

using digital microscopy and accessory measurement software (Keyence VKX-500FE).

Per sample, images were taken from four sides of the stainless steel plate. For each

side, three thickness measurements were performed and the averaged values were used

as �brous cap thickness.

6.2.2 Indentation test and loading protocol

To test the failure properties of the plaque caps, an indentation test was used (Fig-

ure 6.1). The indentation was performed at room temperature in the radial direction of
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the plaque cap using a screw-driven indentation device (Zwick Z010 TN2A). A stainless

steel cono-spherical indenter was placed at the centre of the stainless steel plate above

the hole, so that the �brous cap was pushed through the hole during indentation. The

indentation force was measured using a 20N load-cell with a minimum force resolution

of 1mN.

Figure 6.1: On the left hand side, the experimental setup. Indentation tests were performed in

a conventional screw-driven testing machine. The �brous caps were glued to a stainless steel plate

which contained a hole (diameter 2mm) in the centre. The plate was placed in a water bath �lled

with PBS. Subsequently, the tissue was indented with a cono-spherical indenter which was centered

with respect to the hole in the stainless steel plate. On the right, the indenter had a diameter of

1mm and a cono-spherical tip. The scale bar represents 250 µm.

Following the approach described in Maher et al. (2009, 2011) [42, 43], an indentation

rate of 0.001mm/s was used to approach the �brous cap until a pre-load of 10mN

was reached. The position where the force was reaching the pre-load of 10mN was

set as reference position (0mm indentation depth). Afterwards, the indentation was

controlled via the indentation depth at a quasi-static indentation rate of 0.02mm/s,

similar to the indentation rates used in Holzapfel et al. (2004) [45]; Topoleski et al.

(1997) [67] and Chai et al. (2013) [71].

Cyclic loading-unloading indentation tests were conducted by incrementally increasing

the indentation depth by 0.25mm, from 0.25mm up to a maximum of 4.0mm. Dur-

ing unloading the indenter was moved back to its reference position. The sample was

loaded once at each indentation depth. The sample was left to recover at the start po-

sition for 5minutes after each loading-unloading cycle. The caps were kept moisturised
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in PBS and were loaded until the �brous cap was fully punctured. After �nishing the

mechanical testing, the �brous cap was visualised using the digital microscope to verify

whether puncturing of the tissue had occurred.

From the indentation experiment, for each cycle, the indentation force Fz and inden-

tation depth dz were measured and recorded. Based on these measurements inverse

Finite Element Analysis was conducted to infer the ultimate stress and ultimate strain

of �brous plaque caps.

6.2.3 Inverse Finite Element Analysis

A displacement-driven axi-symmetric �nite element (FE) model was generated in MSC

Marc (Version 2005r3, MSC Software Cooperation), mimicking the indentation ex-

periment. Subsequently, the ultimate stress and strain were estimated by �tting the

simulated indentation force-displacement curve to the experimental force response of

all loading cycles until initial failure occurred (Figure 6.2, see section 6.2.2). To assess

the �tting quality a customized Matlab (Version 2007b, MathWorks Inc.) code was

used.

For each experiment (section 6.2.2), a dedicated FE model (Figure 6.3) was generated,

incorporating the measured cap thickness h. Under axi-symmetry assumptions, 2D half

blocks were modelled representing the plaque tissue. The radius of the tissue R was

set at 4mm. The indenter was modelled as a rigid body with the same cono-spherical

geometry as in the experiment. The stainless steel plate was also modelled as a rigid

body. The edge of the hole in the stainless steel plate was slightly rounded (radius

= 50 µm) to avoid stress concentrations at the boundaries of the plate. The contact

option �glue� (MSC.Marc, 2005) was used between the tissue and both, the part of

the plate parallel to the tissue and the rounded part of the plate. The contact between

the tissue and the part of the plate perpendicular to the tissue as well as between the

indenter and tissue were assumed to be frictionless.

The tissue close to the indenter and hole in the stainless steel plate received a �ne

mesh while the surrounding tissue gradually received a coarser mesh. Depending on the

tissue thickness, the generated models consisted of 4500 to 9000 elements. The tissue
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Figure 6.2: The experimental �t. The experimental �t was de�ned as a non-linear �t through the

loading parts of the applied indentation cycles up to the point of initial failure.

Figure 6.3: Schematic of the axisymmetric �nite element model representing the experimental

setup. This model was used to extract the ultimate stress and strain values from the experiments.

Cap thickness (h) was adjusted for each cap based on the initial thickness measured using digital

microscopy. H = radius hole; R = radius sample; h = thickness tissue; Fz = indentation force; dz
= indentation depth.

was modelled using four-node, bilinear, axi-symmetric elements, with full integration

and Hermann formulation to deal with incompressibility. Non-linear geometry e�ects,
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including large strains, were included. The displacement of the indenter was prescribed

up to the ultimate displacement obtained from the experiments.

The �brous cap was modelled as a hyper-elastic material using a two-term Ogden

strain energy formulation [132], simulating the nonlinear stress strain characteristics

of plaque components. Furthermore, tissue properties were assumed uniformly dis-

tributed, isotropic, and incompressible [105, 133, 134]. A two-term strain energy form

(W)

W = W (λ1, λ2, λ3) =
2∑
i=1

µi
αi

(λαi
1 + λαi

2 + λαi
3 − 3) (6.1)

was used, where λ1−3 are the principal stretch ratios, µi are moduli constants [Nm−2]

and αi [-] are exponent constants. The parameters αi and µi were iteratively estimated

by minimising the di�erence between force-indentation data obtained from the com-

putational simulations and the data measured during the experiment (Figure 6.1). For

the experimental data, only measurements until the initial failure point of the plaque

cap were taken into account for the parameter estimation. A drop in the measured

force signal during indentation was considered to indicate initial failure of the plaque

cap.

The quality of the �t between experimental and simulated data was measured by

determining the mean absolute error MAE

MAE =

∑N
i=1 |expi − simi|

N
(6.2)

where N is the number of data points, exp the experimental data points and sim the

simulated data points. The MAE was then normalised by the mean experimental

value (exp) to provide a relative measure of �t error (mean relative error (MRE)). A

MRE < 20% was considered a good �t [71].

MRE =
MAE

exp
(6.3)

6.3 Results

6.3.1 Cap thickness

The plaque cap thicknesses are summarised in Table 6.1, where the �rst column con-

sists of the sample identi�cation (ID). The second, third and fourth column show the

measured mean, standard deviation, and coe�cient of variance, respectively. The last
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column contains remarks about the sample.

Table 6.1: Cap thickness, P=plaque number, S=sample number, CV= coe�cient of variation.

Sample ID mean [mm] SD [mm] CV [%] Remarks

P1S1 0.72 0.22 30.6 -

P1S2 1.18 0.14 11.6 Sever calci�cation

P2S1 0.75 0.05 7.1 Detached from stainless steel plate

P3S1 0.79 0.14 17.9 Force oscillation and air bubble formation

P3S2 0.6 0.13 21.1 -

P4S1 0.97 0.14 14.6 Tissue was thickened at testing location

P5S1 0.51 0.23 44.8 -

P6S1 1.82 0.23 12.6 Tissue contained lipid at testing location

P7S1 1.13 0.6 52.8 Severe calci�cation

P8S1 1.95 0.11 5.5 Detached from stainless steel plate

P9S1 1.18 0.16 13.2 -

P10S1 1.68 0.12 7.3 -

Mean 1.11 0.46 19.9

NF: not found

The average measured �brous cap thickness ranged from 0.51mm to 1.95mm. It has

to be noted that the cap thickness generally varied considerably (mean coe�cient of

variance of 20%). Three atherosclerotic caps (P1S1, P5S1, and P7S1) showed a sub-

stantial variation of more than 30%.

6.3.2 Indentation results

Behaviour until initial failure

All samples exhibited the following mechanical behaviour during the indentation cycles

up to the initial failure point:

(a) As expected for soft collagenous tissue, the load deformation behaviour was

nonlinear, with pronounced sti�ening at increasing indentation depths;

(b) Di�erences between the loading and unloading response within one inden-

tation cycle were demonstrated, indicating hysteresis;
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(c) A softening e�ect was observed, characterised by a lower resulting force for

the same applied indentation depth in a new loading cycle. This e�ect seemed

to increase with increasing indentation depth. However, the e�ect of softening

was minimal;

After the initial point of failure, three di�erent types of typical force-displacement re-

sponses were recorded. The three representative force-displacement curves are shown

in Figure 6.4, Figure 6.5, and Figure 6.6. The points of initial failure are denoted with

the black arrows marked with (A).

Behaviour after initial failure

For most caps, namely six, (Figure 6.4) the force pattern prior to the point of initial

failure was not characterised by a smooth increase in force like in the other samples,

but by a change in steepness and smoothness of the force response. After passing the

initial failure point, the next loading cycle crossed the load at the end of the previous

loading cycle, while the indentation force was still increasing. After reaching the max-

imum load, the sample demonstrated a force response similar to the second pattern

described (Figure 6.5).

Figure 6.4: Force-displacement curves of P1S2, which were similar to P6S1, P7S1, P8S1, P9S1

and P10S1. The force pattern prior to the point of initial failure was characterised by a change in

steepness and smoothness. After passing the point of initial failure (A) the force gradually increased

(B). After reaching the point of maximum force, the force gradually decreased (C). The di�erent

colours represent the subsequent indentation cycles.
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The second force-indentation curves are shown in Figure 6.5, representatively for three

plaque caps. After the initial failure point, the force dropped rapidly, as described

in the previous paragraph. However, it did not decrease to 0 N immediately but the

samples were able to bear a lower load. This occurred either within the same loading

cycle, or in the following one.

Figure 6.5: Force-displacement curves of sample P1S1. This is a representative illustration of the

failure pattern of samples P1S1, P3S2 and P5S1. The point of initial failure (A), de�ned by a rapid

but relatively small decrease in force, was followed by a gradual decrease in indentation force (B).

The di�erent colours represent the subsequent indentation cycles.

For one plaque cap, the force-displacement pattern exhibited a mechanical behaviour

which is shown in Figure 6.6. Here, after a smooth, nonlinear force increase, a sudden

drop in force occurred. During the next loading cycle, this rapid decrease reached

almost 0N.

6.3.3 Parameter identi�cation

Ogden material constants

The combination of indentation experiments and computer modelling enabled inverse

FE analysis to derive the mechanical properties of human atherosclerotic carotid plaque

caps. For every sample, the Ogden material constants were identi�ed. The results are

summarised in Table 6.2. The �rst column shows the sample ID. For sample P2S1
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Figure 6.6: Force-displacement curves of sample P4S1. The force response was characterized by a

smooth, nonlinear increase in force prior to the point of initial failure (A), followed by a rapid decrease

in force to almost 0 N (B). The di�erent colours represent the subsequent indentation cycles.

and P8S1 no properties are presented, because the sample detached from the stainless

steel plate during the indentation experiment. In the following columns, the Ogden

material constants (µ1, α1, µ2, α2) are summarised. The median (25th percentile-75th

percentile) of the moduli constants µ1 and µ2 found for the plaque caps were 40 kPa

(19.1 kPa-101.8 kPa) and 52 kPa (28.6 kPa-101.8 kPa) respectively. The median (25th

percentile-75th percentile) of the exponent constants α1 and α2 were 11.0 (7.1-12.8)

and 8.0 (6.3-15.0), respectively. The last column in Table 6.2 contains theMRE. The

maximum MRE was 16.3%, indicating good quality �ts and that the simulated data

describe the experimental data very well.

Ultimate strength

The ultimate strength of the plaque caps was also determined. The obtained results are

summarised in Table 6.3. The �rst column shows the sample ID. The following columns

contain the ultimate strength data (maximum stress σmax.princ. Von Mises stress σVM ,

maximum strain εmaxprinc., and Von Mises strain εVM.). The median (25th percentile-

75th percentile) of the maximum stress σmax.princ. and peak Von Mises stress σVM
were 10.8MPa (5.2MPa-37.5MPa) and 30.8MPa (5.4MPa-116.3MPa), respectively.

The median (25th percentile-75th percentile) of the maximum strain εmaxprinc. and

the Von Mises strain εVM. were 0.4 (0.3-1.0) and 0.8 (0.5-2.1), respectively. It should

be noted that, for one plaque where two additional caps were obtained, the ultimate
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Table 6.2: Ogden material constants, see eq. 6.1, obtained from the last indentation cycle be-

fore initial failure occurred describing the mechanical properties of atherosclerotic plaques at large

compressive strain.

Sample Material properties

ID µ1 [kPa] α1[-] µ2[kPa] α2[-] MRE [%]

P1S1 17 11 38 8 8.2

P1S2 40 25 52 25 8.4

P2S1 -

P3S1 -

P3S2 120 8 110 5.5 14.7

P4S1 86 7 86 6 16.3

P5S1 65 13 65 16 8.4

P6S1 5 12 5 12 9.4

P7S1 340 22 340 22 3.4

P8S1 -

P9S1 25.5 7.5 25.5 7.5 7.8

P10S1 15 6 20.5 5.6 11

Median 40 11 52 8 8.4

25th percentile 19.1 7.1 28.6 6.3 7.9

75th percentile 101.8 12.8 101.8 15 10.6

strength data di�ered considerably.

6.4 Discussion

The present study aims at the characterisation of the mechanical failure behaviour

of human atherosclerotic carotid �brous caps using indentation tests and subsequent

inverse Finite Element Analysis. Qualitatively, the samples demonstrated similar force

responses during the initial phase of the tests. In agreement with previous studies,

nonlinear behaviour, hysteresis, and softening were observed. Furthermore, in most

samples after the point of initial failure, a gradual decrease in force was observed,

suggesting the gradual rupturing of collagen �bres. When quantifying the ultimate

strength of the carotid �brous caps, a high variability was observed. The variability

in the ultimate strain was lower than in the ultimate stress. In addition, especially

the ultimate stresses obtained in this study were considerably higher than the ultimate

stresses reported in literature.
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Table 6.3: Ultimate strength described as maximum stress σvmax.princ, peak Von Mises stress σvVM ,

maximum strain εmax.princ, and Von Mises strain εVM .

Sample Ultimate strength

ID σmax.princ. [MPa] σVM [MPa] εmaxprinc.[-] εVM.[-]

P1S1 1.0 1.3 0.3 0.7

P1S2 6.7 32.9 0.2 0.5

P2S1 -

P3S1 -

P3S2 37.5 65.3 0.8 1.5

P4S1 79.9 177.0 1.0 2.1

P5S1 5.2 5.4 0.3 0.5

P6S1 1.0 4.0 0.5 1.0

P7S1 25.2 118.7 0.3 0.5

P8S1 -

P9S1 60.0 116.3 1.0 2.1

P10S1 14.9 28.7 1.1 2.3

Median 10.8 30.8 0.4 0.8

25th percentile 5.2 5.4 0.3 0.5

75th percentile 37.5 116.3 1.0 2.1

Cap thickness

The carotid plaque cap thicknesses measured in this study (1.11±0.46mm) correspond

to the data found in literature for aortic �brous caps (1.2±0.4mm [41]; 1.1±0.2mm

[64]. The caps tested in this study appear to be thicker than the carotid plaque caps

tested by Barrett et al. (2009) [70], who found an average thickness of 0.5mm for

isolated human carotid �brous cap. For this study, some additional tissue (fatty tissue,

�brous tissue) might have stayed attached to the cap, because removal of these tissue

components might have damaged the structural integrity of the tissue.

Our thickness measurements illustrated the irregular thickness distribution of carotid

�brous caps, with coe�cients of variation up to 45%. Therefore, it is questioned

whether it is justi�ed to use an average thickness in the FE analysis. Using a cap spe-

ci�c 3D FE model re�ecting the actual cap geometry allows the thickness variability

to be taken into account and thus leads to a more accurate calculation of ultimate

strength.
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Indentation experiments

The carotid plaque caps tested in this study showed highly nonlinear behaviour, which

corresponds to the behaviour found for aortic, iliac, and carotid plaque caps [39, 41,

45, 70]. Further characteristics observed in this study including hysteresis and stress

softening, were also described in studies, conducting cyclic uni-axial tensile tests on

porcine aorta and carotid arteries [135, 136], and human aorta [137]. Furthermore,

these features were also observed when cyclic compression was applied on human

carotid endarterectomy samples [43, 135].

It has been suggested that stress softening of arteries is a result of damage to the

tissue [135, 138]. The damage mechanisms responsible for softening of arterial tissue

are not fully understood. However, it has been speculated that softening is caused by

the breaking of non-covalent cross-links resulting in slip of collagen �bres in the matrix,

while failure of the �bres results in permanent deformations [135, 139].

We qualitatively analysed the force-displacement responses to describe di�erences in

failure patterns. Most samples showed tissue softening indicating tissue damage when

reaching the initial failure point. Afterwards, a gradual indentation force decrease was

observed. Previous studies on plaque failure do not present the data after reaching

the initial point of failure [39, 41, 42, 44, 45]. The obtained force pattern might im-

ply gradual failure of collagen �bres. At the initial point of failure some �bres break,

whereas others are able to withstand the applied load and fail later at higher indenta-

tion depths. On the other hand, earlier we showed that during indentation the main

strain was perpendicular to the main collagen �bre alignment direction [100]. This

suggests that the cross-links between the collagen �bres may be the �rst structure to

mechanically fail rather than the collagen �bres themselves. The gradual failure of

cross-links after initial failure may explain the gradual softening of the plaque caps.

Ultimate strength

An inverse �nite element analysis was used to determine the ultimate strength of the

carotid �brous caps. Previous studies have measured the ultimate strength of aortic

[39, 40, 41] and iliac [45] �brous plaque caps by performing uni-axial ultimate tensile

tests. In general, these previously reported strength values are in good agreement but

show high variability, especially in the ultimate stress values (Table 6.4). Assuming

isotropic Ogden material behaviour, the peak maximum principal stresses and strains
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we obtained ranged from 5.2MPa to 37.5MPa (median 10.8MPa) and from 0.3 to 1.0

(median 0.4), respectively. The maximum shear stresses and strains varied between

5.4MPa-116.3MPa (σVM., median: 30.8MPa) and 0.5-2.1 (εVM., median: 0.8). The

variability in the ultimate stress is remarkably higher than the variability in ultimate

strain corresponding to previously published data. Furthermore, the ultimate stresses

we obtained are considerably higher than the ultimate stress reported in literature.

Possible explanations for this might be the di�erent specimen types being measured.

Since the geometry of arteries at di�erent locations varies and arteries from various

locations experience di�erent stresses and strains, it is suggested that the mechanical

properties of the arteries from di�erent locations also vary [135, 140]. As �brous caps

develop within the arteries, this could also hold for �brous caps. However, Mulvihill et

al. (2013) [141] also tested carotid plaques obtaining in average an ultimate stress of

431 kPa.

Additionally, the di�erent types of mechanical tests also cause di�erences in results.

McKree et al. (2011) [142] concluded that the obtained mechanical properties for

biological soft tissue depend on the used method. Previous research groups all per-

formed ultimate uni-axial tensile tests. Using these uni-axial tensile tests, the �brous

caps were stretched in either the circumferential or axial direction with respect to the

original blood vessel and the applied tensile forces were uniformly distributed along

the entire sample. This way failure will always occur at the weakest location of the

sample. In the current indentation setup, however, the tissue was indented locally

simultaneously stretched in the circumferential and axial direction, while being com-

pressed in the radial direction with respect to the original vessel. The stresses were

applied very locally. Thus, failure of the sample will occur at the location with the

highest stress, which is not necessarily the weakest location. This may explain why the

ultimate stresses, obtained in the current study, were higher than the values obtained

from tensile tests described in literature. The lowest stress values obtained in this study

correspond to the values obtained from tensile test. Possibly in these cases the weaker

locations were tested. Plaque tissue is highly heterogeneous comprising di�erent com-

ponents, such as �brous tissue and calci�cation, which can behave mechanically very

di�erent. Local testing using indentation tests allow the characterisation of this het-

erogeneous behaviour.
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Limitations

The samples were frozen for logistical reasons. According to Schaar et al. (2002)

[96], freezing of coronary, carotid and femoral arteries at -80°C does not a�ect the

mechanical properties. The freezing protocol applied in this study included dipping

the sample in liquid nitrogen for snap freezing. This procedure is widely used to avoid

ice-crystal formation. Stemper et al. (2007) [143] used uni-axial ultimate tensile tests

to show that storage at -80°C for 3 months did not a�ect the ultimate strength of

porcine aortas. Therefore, the probability of damage of the collagen �bres due to ice

crystal formation, freezing and storage was minimized. Besides, the tissue was tested

at room temperature rather than at 37°C, although it is unclear whether this will a�ect

the properties of vascular tissue [96, 144].

Furthermore, in the FE analysis, the �brous cap tissue was treated as a homogeneous,

isotropic body. Clearly, plaque tissue is highly heterogeneous in composition [145]

and also the �brous cap itself is expected to be heterogeneous. Furthermore, Chai

et al. (2014) [100] and Holzapfel et al. (2004) [45] showed that �brous cap tissue

is anisotropic. However, anisotropic parameters and accurate information about the

cap morphology were not determined. Therefore, homogeneity and isotropic behaviour

were assumed, which might have in�uenced the obtained values.
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7.1 Overview

Atherosclerosis is a disorder of the arterial wall. One subset of atherosclerosis is the de-

velopment of a so-called vulnerable plaque. Rupture of vulnerable plaques is the main

cause of cardiovascular events, such as transient ischaemic attacks, ischaemic strokes,

and myocardial infarctions. For diagnosis and appropriate treatment, it is crucial to

predict plaque rupture reliably. Current prediction methods focus on general morpho-

logical parameters, which are not directly connected to the actual cause of plaque

rupture. From a mechanical point of view, rupture occurs when mechanical stresses in

the plaque exceed the strength. Therefore, stress analysis may improve current plaque

rupture prediction.

A stress analysis in plaques requires computer models. The quality of these models

depends strongly on the used mechanical properties, but this o�ers several challenges

1. Advanced atherosclerotic plaques contain a heterogeneous component distribu-

tion. This needs to be addressed by investigating the local mechanical properties

of atherosclerotic plaques.

2. It is well accepted that atherosclerotic plaques behave anisotropicly, but data on

anisotropic mechanical properties of plaques are very scarce.

3. Besides cap stresses, it is important to analyse the failure properties of atheroscle-

rotic plaque caps.

The aim of this dissertation is to improve plaque modelling by providing data to ful�l

the mentioned requirements. The main �ndings are summarised and discussed below.

Future perspectives and recommendations are presented.

7.2 Main �ndings

7.2.1 Mechanical testing of local mechanical properties of

atherosclerotic plaques

Chapter 2 presented a review on current methods to study the mechanical properties of

atherosclerotic plaque tissue. In literature, di�erent methods have been used, such as

100



in�ation tests or tensile tests. These two methods have bene�ts, but they mostly fo-

cus on global mechanical properties. The small geometries of atherosclerotic plaques

make it challenging to perform local measurements with in�ation and tensile tests.

Micro- and nano-indentation test are better suitable for local measurements. Nano-

indentation, as performed by Ebenstein et al. (2009) [50], enables mechanical tests

with a very high local resolution. Ebenstein et al. (2009) [50] showed that even inside

single plaque components, large variations in mechanical properties occur. However,

nano-indentation can only be applied at small strains. The non-linear mechanical be-

haviour of plaque tissue requires strains which correspond to the in vivo physiological

situation. Micro-indentation enables the testing of di�erent local plaque components

at a physiological strain. Barrett et al. (2009) [70] conducted micro-indentation test

on carotid plaques. The tests were performed in the radial direction of the blood

vessel. However, Barrett et al. (2009) [70] only tested the �brous cap. Chapter 3 de-

scribes a method, where di�erent components of the plaque were tested. Furthermore,

by combining micro-indentation with confocal imaging, it is possible to measure the

anisotropic mechanical properties of plaques (chapter 4).

7.2.2 Local mechanical properties of plaques

Based on the literature review, micro-indentation was chosen as the method to in-

vestigate the local mechanical properties of atherosclerotic plaques at physiological

strain (Chapter 3). The lipid-rich necrotic cores, shoulder regions as well as the middle

regions of the plaque cap and remaining intima locations were indented in the axial

direction. Inverse Finite Element Analysis was used to infer the mechanical properties

of the plaques. Confocal imaging was used to visualise the collagen structure at each

testing location.

The results (median 30 kPa, range 6 kPa and 891 kPa) corresponded to the lower range

found in literature. Collagen-rich locations were sti�er than collagen poor locations.

Due to the wide spread in data, no signi�cant di�erences were found between mid-

dle cap locations, shoulder cap locations, and remaining intima locations. Moreover,

no di�erences were found between the structured and unstructured collagen locations,

probably because the FE model used for the inverse analysis was still based on isotropic

mechanical behaviour.
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7.2.3 Anisotropic mechanical properties

In chapter 4, the mechanical properties of the collagen �bres in human carotid atheroscle-

rotic plaques were characterised by means of micro-indentation combined with inverse

FE analysis and confocal imaging. Confocal imaging enabled the visualisation of col-

lagen �bre deformation at rest and during indentation. The undeformed images were

used to determine the collagen �bre main direction and the �bre distribution. The

measured indentation force-response, indentation-depth and in-plane �bre displace-

ments were used as input parameters for the inverse FE analysis to infer the collagen

�bre sti�ness. The values ranged from 18 kPa to 157 kPa (25th percentile and 75th

percentile), which corresponds to the lower region of the range found in literature

(chapter 4).

For a full characterisation of the anisotropic mechanical properties, the 3D global ar-

chitecture of �brous tissue in atherosclerotic plaques is also required. Di�usion Tensor

Imaging was used to visualise the 3D structure of the �brous tissue in human carotid

plaques (Chapter 5). The obtained data were compared to data obtained from healthy

carotid arteries. As shown by Ghanzanfari et al. (2012) [122], the �bres found in

healthy arteries were aligned in circumferential direction. Contrary to that, all tested

atherosclerotic plaques consist of at least some �bres which were aligned in the lon-

gitudinal direction. In 4 of 9 plaques, the �bres were aligned clearly in longitudinal

direction forming a continuous inner layer, which was partly surrounded by a layer of

�bres oriented in circumferential direction. In the other 5 plaques a partly reorganized

structure was found. This indicates a major reorganisation of stresses and strains inside

arteries during the progress of atherosclerosis (chapter 5).

Due to the paucity of data on anisotropic mechanical properties of atherosclerotic

plaques, most of the current computer models describing plaques assume isotropic

behaviour. This probable over-simpli�cation has negative in�uence on the accuracy

of stress results obtained from such computer models. The data provided in this dis-

sertation enables the inclusion of anisotropic mechanical properties of atherosclerotic

plaques in computer models.
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7.2.4 Failure properties

Most studies on failure properties of atherosclerotic plaques use tensile tests. For such

tests long slender samples need to be cut out of the plaque tissue. Next to clamp-

ing artefact, this process may damage the structural integrity of the plaque tissue,

in�uencing the measured failure strength. Furthermore, the �bre alignment in plaques

is often not taken into account during tensile tests. Indentation testing is an alter-

native with well-de�ned boundary conditions and geometry. Moreover, when using

circular shaped specimen, the speci�cs of the �bre orientation do not in�uence the

obtained force displacement results. In chapter 6, an indentation method was intro-

duced to measure the failure properties of human atherosclerotic carotid plaques caps.

The measured ultimate stresses (median 14.9MPa, 25th percentile 5.6MPa and 75th

percentile 54.4MPa) were considerably higher than the values reported in literature,

possibly because of the di�erent testing methods. The obtained ultimate strains were

similar to results found in literature. A major limitation of the described indentation

study is that the FE model used for the inverse analysis was still based on isotropic

mechanical behaviour.

7.3 Discussion and future perspective

7.3.1 Computer modelling of plaques

One issue of plaque modelling was the assumption of isotropic mechanical behaviour of

plaque tissue. The data presented in chapter 4 and 5 allow the inclusion of anisotropic

mechanical properties in computer modelling of atherosclerotic plaques, which will

hopefully increase the accuracy of plaque modelling. It needs to be investigated what

the in�uence of the inclusion of anisotropic properties on stress results are. Tang et al.

(2009) [52] suggested that the maximum principal stress may increase considerable if

anisotropic mechanical properties are included. The inclusion of anisotropic mechanical

properties of plaques may reduce the spread in data which is mostly found in literature.

The conducted literature review (chapter 2) and the studies described in this disserta-

tion (chapter 3, 4, and 6) show that testing of mechanical properties of atherosclerotic

plaque tissue generally leads to a wide spread in obtained data. The wide spread be-

tween di�erent studies found in literature may be caused by di�erent testing protocols

(testing method, applied strain range, testing direction, storage, plaque components
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classi�cation), and testing of di�erent vascular beds. Possible explanations for the

spread within one study are patient-speci�c variables (age, gender, etc.) and the test-

ing of di�erent plaque phenotypes. Spread within one single plaque is caused by the

heterogeneous components distribution. All these parameters need to be addressed

and standardised measurement protocols need to be used to allow comparison between

the di�erent studies. Suggestions for appropriate tensile testing protocols are shown in

Walsh et al. (2014) [38]. Furthermore, additional data characterising the mechanical

properties of plaques are required for a full characterisation. Akyildiz et al. (2013) [31]

suggested that an extensive database is needed covering the mechanical properties

of atherosclerotic plaques with di�erent phenotypes. The complexity indicates that

plaque-speci�c data is required for reliable plaque rupture prediction.

However, based on the results found in literature and in this dissertation, it is clear that

obtaining an extensive database characterising the mechanical properties of di�erent

plaque phenotypes will be a very laborious endeavour. Moreover, the results shown

in chapter 4, where for one single plaque the Young's moduli ranged from 6 kPa to

891 kPa, suggests that this endeavour will be very challenging. This and the fact that

non-invasive imaging technologies are not su�cient to visualise plaque components

accurately [31, 146] indicate that computer modelling of plaque still requires more

development to become a potential tool for reliable plaque rupture risk assessment.

7.3.2 Alternatives to computer modelling of plaques

A promising method for plaque-speci�c characterisation may be intra-vascular ultra-

sound (IVUS) imaging, as proposed by Baldewsing et al. [147, 148, 149, 150]. An

IVUS catheter is used to acquire the spatial strain distribution of plaques. The strain is

the input for inverse FE analysis to infer the local elasticity of plaques. Furthermore, if

local mechanical properties and geometrical properties are not available, strain imag-

ing may be another method to improve plaque rupture risk assessment. The results in

chapter 6 suggest that the minimum ultimate strain of carotid plaque caps is 0.2 (see

Figure 7.1). This may be used as threshold for strain imaging to detect stable plaques

rather than trying to identify unstable plaques.

Another possibility to improve plaque rupture risk assessment may be the use of

biomarkers as surrogate markers for plaque stability [151, 152]. The development
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Figure 7.1: Ultimate strain data described in chapter 6, the data correspond to data found in

literature, and the minimum ultimate strain is 0.2.

of atherosclerotic plaques and the progress into a vulnerable plaque are connected to

several molecular biomarkers. The development of new molecular imaging techniques

may allow the tracking of the progress of atherosclerosis. Brokopp et al. (2011) [153]

showed that di�erent plaque phenotypes are connected to di�erent levels of Fibrob-

last Activation Protein. Further studies in this area may lead to the identi�cation of

biomarkers which are associated with plaque rupture and may help to improve plaque

rupture risk assessment.

Figure 7.2: Fibroblast activation protein expression is enhanced in plaques, scale bar = 400 µm

[153]. Reprinted from Brokopp et al (2011) with permission from Oxford University Press.
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7.3.3 Plaque failure

Similar to the results on sti�ness properties, determining failure properties of plaques

led to a wide spread in data (chapter 6). Considerable di�erence was found between

the data obtained from our indentation tests and the values found in literature, where

mostly tensile tests were used. The di�erent testing methods may explain the dif-

ferent results indicating how important the choice of testing method is. Although

tensile testing and indentation both have bene�ts, they also have their limitations.

Both techniques apply loads, not representative for the physiological situation. In vivo

the di�erent plaque components in�uence the stress distribution in an atherosclerotic

plaque. The development of stress peaks may lead to plaque rupture. The lipid core

size [23] and �brous cap thickness [22] in�uence the plaque stress distribution. Addi-

tionally, micro-calci�cations may lead to stress concentrations in a �brous cap leading

to failure of the cap [109]. Other factors, such as presence of haemorrhage [24] or

the buckling of the �brous cap [112], may also play a role. The number of parameters

and their interaction in�uence plaque rupture risk. Thus, testing methods are required

which represent the in vivo situation more accurately than tensile or indentation tests.

One possible approach is in�ation tests combined with imaging. Boekhoven et al.

(2014) [37] suggests an in�ation test, where intact endarterectomy samples of carotid

arteries were pressurised and imaged using ultrasound (echo-CT). Ultrasound imaging

enabled the measurement of the 3D strain in the plaque, which allows the detection of

calci�ed and lipid-rich regions. It may be possible to use inverse FE analysis to infer

the mechanical properties of the plaque. This method may allow the identi�cation of

failure properties under more physiological circumstances. A potential challenge is the

imaging of the rupture location to detect if failure occurred.

Another approach was proposed by Sanders et al. (2014) [154], where cap strength

can be determined ex vivo by pressurising cross-sections of atherosclerotic plaques.

Slices of plaques were placed between two plates and a viscous liquid injected into the

lumen through a hole in the bottom plate pressurising the plaque.

The wide spread in failure data found in literature may be caused by the heterogeneous

component distribution of atherosclerotic plaques. A method to address this is to focus

on local testing. In chapter 4 a method is introduced, where the local mechanical prop-

erties of collagen �bres, the most load-bearing structures in plaques, were measured.

A similar method combining mechanical testing and imaging of collagen �bres during
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loading may be used to investigate the collagen �bre strength. Testing of collagen �bre

strength may give a better insight into the failure mechanism of plaques.

The actual failure mechanisms of plaque rupture are unclear [155]. Studies suggest

that calcium content may play a role in failure of plaques [141]. Maldonado et al.

(2012, 2013) [114, 117] suggest that the presence of micro-calci�cations is connected

to plaque instability. Still a better understanding of plaque failure mechanism is re-

quired. A possible method may be the method used by Thambyah et al. (2012) [156],

where cartilage was chemically �xed under loading condition preserving the deformed

state of the tissue. The structure of the tissue was then characterised using di�erential

interference contrast optical microscopy and scanning electron microscopy. A similar

method may be used for plaque tissue and may give a better insight into plaque dam-

age mechanisms.

7.4 Final conclusions

The aim of this dissertation was to characterise the biomechanical properties of human

atherosclerotic plaques. The importance of local mechanical testing is stressed to

address the heterogeneous plaque component distribution. Our results show variability

in mechanical properties, which corresponds to data found in literature. It supports the

idea that plaque-speci�c properties and modelling are required. Anisotropic mechanical

properties of atherosclerotic plaques are presented which can be included in plaque

modelling to potentially improve the modelling accuracy. The failure properties of

plaque caps were investigated. A wide spread was found for the ultimate stresses.

The ultimate strains corresponded to the values found in literature and show a smaller

spread. Therefore, it is recommended to focus further research on strain imaging of

plaques. Recently introduced imaging technology, such as IVUS, may improve strain

imaging of plaques, which may be used as surrogate marker for plaque rupture.
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